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1. Nanotechnology in modern science 
Nanotechnology can be defined as the science and engineering involved in design, 
synthesis, characterization and application of materials and devices with a nanoscale 
(10
-9
 meter) organization in at least one dimension. The term nanotechnology was 
originally introduced in the 1970s. In this period the first nanotechnological applications 
were designed for the electronics industry, which aimed to develop small electronic 
devices on a silicon chip [1]. Currently the global market value for nanotechnology is 
estimated at $15.4 billion and it is expected to increase up to nearly $20 billion in 2015. 
Research on the application of nanotechnology is performed in many scientific fields, 
including food and agriculture [2], electronics [3], chemistry [4], optics [5] and in medi-
cal applications. In the medical field, applications are already designed for many pur-
poses with a high impact for drug delivery, gene therapy, medical imaging, bone/soft 
tissue engineering and endosseous implantology [6].  
2. Nanotechnology in medical applications  
The first generation of nanoscale drug delivery systems was based on changing 
specific drug-related properties, resulting in an enhanced therapeutic activity of the 
drugs by prolonging the drug half-life, improving the solubility of hydrophobic drugs and 
reducing the toxicity [7]. Currently, drug-delivery related research is focused on tissue-
specific drug delivery at required levels by encapsulating drugs in (non-) resorbable 
nanoscale carriers, such as lipids, glycopeptides or dendrimers [8]. The use of such 
carriers brings about many other advantages, such as improvement of the bioavailabil-
ity of drugs for oral uptake, the ability to cross (intestinal) membranes or the blood-
brain barrier, and bioavailability resulting from slow drug release from degrading nano-
spheres [9-11]. 
Gene therapy holds great promise for the treatment or prevention of genetic disor-
ders. In gene therapy, defective genes responsible for various diseases are replaced. 
However, the targeting of gene vectors to the affected cells, into the cell and finally the 
nucleus, brings about many challenges. Therefore, several nanoscale gene carriers 
(e.g. liposomes and nanoparticles) have been developed to specifically transport the 
genes into nuclei of affected cells [1, 11]. Viral vectors have already been used for 
gene delivery in patients, however these vectors have a serious drawback as they can 
9 
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introduce immune responses [12]. Although novel strategies to improve the utility are 
currently developed, research is currently mostly focused on non-viral nanoscale vec-
tors, such as liposomes or Poly (lactic-co-glycolic acid) (PLGA). These materials are 
then processed into highly biocompatible, small, non-toxic vesicles that are particularly 
useful as gene and drug delivery system, since they can pass through lipid bilayers of 
cells [13]. 
In addition to the drug or gene delivery systems, much research is currently per-
formed to medical imaging applications. The use of nanoparticles is very promising for 
tissue-specific imaging in for example Molecular Resonance Imaging (MRI) and Com-
puted Axial Tompgraphy (CAT). Molecular imaging can identify the stage of diseases, 
pathological processes, and can be used to follow the efficacy of therapies. Several 
materials are currently studied for clinical application in patients. Iron oxide nanoparti-
cles are very promising for multiple sclerosis diagnostics [14], contrast enhancing ma-
terials and therapeutics. In addition, the use of contrasting materials can be combined 
with therapeutics. Especially the latter is attractive, as it allows the imaging of drug/
protein or gene delivery in tissues. 
3. Nanotechnology in implantology and tissue engineering 
Within the medical field, much research is currently performed in tissue engineer-
ing, which aims to augment or replace damaged or lost tissues or organs. The goal of 
tissue engineering is “the development of biological substitutes that can restore, main-
tain or improve tissue function” [15]. However, organs and tissues are organized over 
multiple size scales ranging from centimeters down to the nanometer scale. Therefore, 
nanophase materials or nanoscale topologies are used for tissue engineering applica-
tions. Hence, the goal of nanoscale tissue engineering is to “create biomaterials that 
can direct the interactions between cells and the environment” [16]. It is believed that 
this can be achieved by “reconstructing” the natural extracellular matrix (ECM) of tis-
sues, which has many functions; it defines the architecture of the tissue, increases its 
strength, and it controls cell behavior via adhered ECM molecules. The ECM of tis-
sues is comprised of proteins like collagen fibers, elastin and glycosaminoglycans that 
are distributed in a highly organized fashion at the nanometer scale [17]. Tissue engi-
neered scaffolds should fulfill several requirements in order to be functional: they must 
be biocompatible and not induce inflammatory responses; should have mechanical 
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properties that are consistent with the natural tissue and be strong enough to allow 
surgical handling; should have an interconnected pore structure and a sufficiently high 
porosity to allow adequate cell and nutrient protrusion [18]. The application of 
nanotechnology in tissue engineering is studied for soft tissues (such as skin [19, 20], 
vascular and cardiac muscle [21]) and most importantly for hard tissues (bone and 
dentin). 
3.1. Nanofibers 
Several materials are generally used for the production of tissue engineered nano-
scale scaffolds. Prominently, electrospinning has been used to create fibers, where 
fiber dimensions and the fiber organization can be controlled in the nanoscale [22]. 
Electrospun nanofibers resemble the dimensions of the natural ECM and can have a 
wide variety of shapes and dimensions. In addition, highly porous structures can be 
created with nanofibers, thereby allowing cells from the surrounding tissues of the re-
cipient to infiltrate [23]. Nanofibers are currently used in many tissue engineering appli-
cations, including skin [24], vascular [25] or bone tissue engineering [26]. The synt-
hetic polymers, as used to prepare electrospun fibers, can be either degradable or non
-degradable. Degradable polymers such as polylactic acid (PLA), polyglycolic acid 
(PGA), PCL or copolymers are most commonly used, since these can be replaced by 
native tissue in time [27]. These polymers also possess a high mechanical strength, 
which is often a problem for natural materials [28]. In addition, by encapsulating drugs 
with degradable fibers, an ideal controlled drug release system is created [29]. How-
ever, since these polymers are poorly recognized by the infiltrating cells, currently 
natural polymers including collagen, gelatin, chitosan and fibrinogen have been com-
bined with the synthetic polymers by producing a mechanically strong synthetic core 
and a natural shell to increase both strength and biocompatibility [25]. 
Nanofibrous scaffolds are already used in skin tissue engineering as wound dress-
ings to protect the wound against infections, dehydration and to aid the removal of 
exudates [30]. Furthermore, several polymeric and (synthetic or natural) co-polymeric 
nanofibers are currently studied as skin grafting materials and results are very promis-
ing [24, 31]. In vascular grafting, 3-dimensional anisotropically oriented nanofibrous 
scaffolds can be created that allow the infiltration of endothelial cells (EC) and vascu-
lar smooth muscle cells (VSMC) [23] and even become fully functional in vivo [32]. 
11 
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3.2. Nanoscale surface patterning 
In addition to nanofibers, onto solid biomaterials surface patterning is often applied 
to promote cell adhesion, migration, proliferation and differentiation. Surface topog-
raphical patterns can be either organized or semi-organized, depending on the pro-
duction technique that is used. An extensive overview of the techniques to produce 
surface nanopatterns is given in chapter 2. Although only described at the initial 
stages, the influence of surface nanoscale patterning has already been explored for 
vascular and nerve tissue engineering. The applicability of an organized nanotopogra-
phy has already been demonstrated in vascular tissue engineering. Both EC and 
VSMC adhesion and proliferation are promoted by semi-ordered nanostructures com-
pared to smooth substrates [33]. For regenerating nerve tissue, nanogrooved or nano-
pitted substrates are currently evaluated. Neurons are highly sensitive to a nanoscale 
topography and cell adhesion is severely reduced with an increasing nanoroughness 
[34]. In addition, studies on the application of organized nanostructures towards neu-
ronal behavior demonstrated that nanogrooves enhance the adhesion and subse-
quent directional outgrowth of neurons, suggesting that the application of submicron- 
and nanoscale topographies may enhance the biomaterials’ ability to modulate nerve 
development [35, 36]. However, most research on nanoscale tissue engineering with 
the above described materials, is currently performed within the bone tissue engineer-
ing field.  
4. Nanotechnology in bone tissue engineering 
When bone is severely damaged or lost due to for example trauma or surgeries, 
replacement therapies are often required. For the repair of these bone defects, im-
plants and/or bone (synthetic) grafting materials are mostly essential. Autologous 
bone grafts collected from the iliac crest are commonly used to repair large bone de-
fects. The use of autologous bone has several major advantages, i.e. it is highly bio-
compatible, contains all the necessary bone components (cells, growth factors), is 
osteogenic, osteoconductive and osteoinductive [37]. On the other hand, autografts 
also have several important drawbacks, such as donor site morbidity and limited tis-
sue availability [38]. Moreover, in compromised patients that suffer for example from 
osteoporosis or metastatic diseases, the use of autografts is impossible. In order to 
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overcome these problems, many natural or synthetic materials have been developed 
and used for bone augmentation or restoration. These structures must have several 
important properties; mechanical stability at the defect site to induce healing, biocom-
patibility with the surrounding environment to prevent immune responses, and osseoin-
tegration of surrounding bone tissue into the material [39].  
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5. Objectives of this study 
The natural extracellular matrix of bone is a highly organized nanobiomaterial, com-
posed of many nanometric structural characteristics such as a groove-like, pit-like or 
plywood like organization. Mimicking such an organized topography on implantable 
biomaterials may possibly aid the integration of the implant into bone. This thesis de-
scribes the biological response towards organized nanoscale surface topographies. 
The osteoblast response was extensively analyzed by studying cell behavior, migra-
tion, differentiation and mineralization. In addition, the inflammatory response towards 
nanopatterned substrates was extensively analyzed both in vitro and in vivo. 
The general hypothesis of this study was that osteoblast behavior can be directly 
controlled by the application of a nanoscale surface topography. 
The following research questions were addressed: 
1. Which techniques are available for the production of a nanoscale topography for 
biological purposes and what is the current knowledge on the biological response 
towards a nanoscale topography? 
2. How are osteoblast morphology and differentiation as well as mineral deposition 
affected by the application of nanoscale grooves? 
3. What is the influence of specific nanoscale surface characteristics such as (an)
isotropy, pattern shape, width, depth and ridge-groove ratio on osteoblast morphol-
ogy, motility and focal adhesion maturation? 
4. What influence do nanogrooves have on osteoblast adhesion and directional mi-
gration? 
5. Can inflammatory responses be controlled by the application of nanoscale 
grooves? 
6. What are the advantages and disadvantages of ultramiscroscopical techniques for 
imaging of the interface between biomaterials and cells, and is the new technique 
cryo-DualBeam FIB-SEM suitable for imaging the interface? 
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1. Introduction 
Prostheses and implants are described as any material, natural or man-made, that 
comprises whole or part of a living structure or biomedical device which performs, au-
guments, or replaces a natural function [1]. Examples are orthopedic prostheses, oral 
implant materials, vascular grafts and artificial heart valves. Some of these implant 
types have already been used for many centuries. The Mayan civilization used nacre 
tooth implants around 600AD [2]. In Europe, an iron dental implant of 200AD was 
found. Both implants were properly integrated into the bone. Also in other parts of the 
human body, biomaterials have been used for a long time. Sutures may have been 
used as long as 32,000 years ago [1], however most of the described biomaterial ap-
plications have been used over the past 2000 years [3]. 
The development of orthopedic and dental implantology is well visible in the in-
creasing market values. Due to the ageing of the population, orthopedic and oral pros-
theses and implants are a fast growing market in medical healthcare. In 2008, the 
worldwide orthopedic implant market was estimated at $29 billion with an annual 
growth of around 10.7% [4]. The dental implant market was estimated at $3.4 billion in 
2008 with a growth to $8.1 billion in 2015 which constitutes an annual growth rate of 
around 15% [5].  
Because of the improvement of surgical techniques, oral implants are currently 
placed in risky patients that were contraindicative for treatment (e.g. diabetes and os-
teoporosis) in the past [6]. Many epidemiological studies have been performed to 
study long term success rates of (orthopedic and dental) bone implants and results 
range from approximately 98% down to 78% for dental implants depending of the pa-
tients’ physical condition, implant location and smoking habits [7-10]. In addition, fail-
ure rates of orthopedic implants in younger patients are significantly higher (>15%) 
compared to patients over 60 (<7%) [11-13], most likely as a consequence of higher 
impact loads from activities during daily living. As a consequence of this implant failure 
in younger patients, the number of revision surgeries is increasing. However, failure 
rates of replaced implants are higher than those for primary implantations. For these 
reasons there is a need for a new generation of bone implants made of mechanically 
strong materials with enhanced biomineralization properties to increase the clinical 
effectiveness and survival rate. 
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2 
An important factor in the tissue reaction towards any implant is the initial cellular 
response towards the device. It is of the highest importance that the implanted mate-
rial fits in, integrates in surrounding tissue and is functional in living tissue; in other 
words the implant should be biocompatible. Biocompatibility can be defined as “the 
ability of a material to fulfill its intended function with an appropriate host response in a 
specific application” [14]. This does not necessarily mean that an implant should inte-
grate into the body. Artificial blood vessels or heart valves for example, should resist 
the adhesion of biomolecules and cells, and can function perfectly well without tissue 
integration. 
In principle, all biocompatible implant biomaterials will provoke a low level, chronic 
inflammatory response [15]. This can result in side effects that are not detrimental to 
the implant function, but still can have long term consequences that are not desirable. 
Therefore it would be most desirable that a symbiosis is established between the im-
plant device and the surrounding host tissue. This situation is characterized by interac-
tions between non-biological compounds of the implant surface and biological com-
pounds from the surrounding tissue. Currently, it is widely expected that the applica-
tion of nanotechnology might provide a contrivance to smoothen these interactions. 
Introducing a nanoscale topography onto an implant material may induce cellular reor-
ganization, which can modify intracellular signaling and the response towards im-
plants. This might lead to an improved integration of the implant into bone and a pro-
longed lifespan. To get a better understanding of these processes we first discuss the 
relevant processes that occur at the implant interface; then provide an overview of 
biomaterial properties relevant for a prolonged lifespan; thirdly discuss the importance 
of nanotechnology in implantology as well as a short overview of the initial studies on 
biomaterial surface topographies, and finally  will focus on the current applications to 
produce a nanotopography on implant biomaterials. 
2. Processes at the bone-implant interface 
Immediately after the placement of an implant into a freshly prepared surgical site, 
water, ions and serum proteins arrive at the biomaterial surface (Figure 1). An impor-
tant parameter for the adhesion of these molecules is the surface free energy (or wet-
tability) of an implant surface, which is reflected by its hydrophilicity [16]. Since there 
are many different proteins in the biofluid, the composition of proteins will be a mixture 
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of early arriving proteins and later arriving proteins, which bind stronger to the surface 
[17].  
Here, differences in surface wettability (e.g. very hydrophilic or hydrophobic) pro-
vide very different possibilities for protein binding. Directly after the adherence of pro-
teins, blood cells appear at the implant surface. The first cells that arrive at the implant 
site are neutrophils, followed by macrophages (Figure 2). These cells interact with the 
implant device via adhered proteins and a provisional matrix is formed consisting of 
fibrin and inflammatory products [18]. 
After these initial events, several processes can occur at the implant site, i.e. extru-
sion, degradation, encapsulation and integration depending on tissue type, location 
and implant type. Implants can be extruded when in direct contact with epithelial tis-
sue. The epithelial tissue will form a continuous layer at the proximal site of the im-
plant and the implant will be excluded from the surrounding tissue. Degradable im-
plants usually are resorbed in time by macrophages. After resorption, a scar will re-
main. The most common process that occurs at the implant site is encapsulation of 
the implant [19]. If this occurs, macrophages will initially try to digest the implant as a 
foreign body. If this is unsuccessful, to enhance their effectiveness the macrophages 
will fuse to form giant cells. The giant cells will start releasing chemotactic factors to 
attract fibroblasts from the surrounding tissue [20]. The fibroblasts in turn, will encap-
sulate the implant with a thin layer of collagenous matrix to isolate the implant from the 
surrounding tissue [15]. The formation of this collagen matrix layer is often called the 
Figure 1. Reactions on interface between biomaterial and biofluid under optimal conditions. a. 
After implantation the surface is first exposed to water. These interactions are strongly affected 
by the surface free energy of the implant surface. b. Subsequently the surface is covered with a 
layer of hydrated ions and a little later with proteins (c). d. Blood cells are the first cells to inter-
act with the implant surface and produce osteoinductive signals for cell attraction and differen-
tiation. e. Tissue is regenerated at the implant-tissue interface. 
21 
 
2 
“foreign body reaction”[18].  
The formation of a collagenous capsule does not necessarily have to be an ad-
verse outcome. Many types of implants can survive and function their purpose in soft 
tissue, when encapsulated. Moreover, for non-toxic implants placed inside a bony site, 
a collagenous capsule may serve as matrix for protein adhesion and later nucleation of 
bone regeneration[15]. During this event, platelets and macrophages start secreting 
proteins (for bone regeneration transforming growth factor beta [TGF-], bone morpho-
genetic protein [BMP] and platelet derived growth factor [PDGF]) that will adhere to the 
provisional matrix. The presence of these proteins at the implant surface induces in 
the interaction between cells and the protein loaded implant which is ultimately fol-
lowed by tissue regeneration at the implant site. 
The activation of macrophages is a key parameter in whether an osseous implanta-
tion will clinically succeed or not. Protein expression profiles by macrophages are 
highly dependent on environmental factors [21]. Bacterial lipopolisaccharide for exam-
ple, promotes the production of proinflammatory proteins tumor necrosis factor alpha 
(TNF-) and interleukin 1-beta (IL-1) by macrophages, whereas surface topography 
induces the expression of the morphogenetic proteins BMP-2 and TGF- to promote 
Figure 2. Foreign body reaction of macrophages to implant materials. a. After the adsorption of 
plasma proteins (Fig. 1c) macrophages and other cells are attracted to the implant surface. b. 
Macrophages will unsuccessfully try to digest the implant and fuse into giant cells to increase 
their effectiveness. Subsequently the giant cells start releasing chemotactic factors to attract 
fibroblasts. c. Fibroblasts start producing collagenous matrix proteins to encapsulate the im-
plant (d.). 
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bone formation as well as angiogenesis[ 22]. In addition, the bone specific proteins 
bone sialoprotein (BSP) and osteopontin (OPN) can be produced by macrophages 
[23]. 
When an implant is integrated directly into the surrounding tissue without the forma-
tion of a fibrous capsule, this response is frequently described for bone tissue as os-
seointegration 
2.1. Osseointegration 
Osseointegration is the bone healing process at the endosseous implant surface. 
This concept of a direct bone-to-metal interface was originally described as a highly 
differentiated tissue making “a direct structural and functional connection between or-
dered, living bone and the surface of a load carrying implant”[24]. However, the con-
cept was difficult to evaluate, since the level at which the body is responding to the 
implant could never be carefully defined. Later on a new definition was proposed 
based on clinically assessed criteria. Bone formed at the endosseous implant surface 
was considered as a positive result, whereas fibrous encapsulation was considered as 
a negative result [25]. By now, osseointegration is widely accepted in orthopedic and 
dental implantology and is assessed for all implantations. Results from many studies 
have shown that the rate and quality of bone healing is related to surface properties 
like surface topography and composition [26]. 
3. Biomaterial properties 
The response of osteoblasts (and virtually all other cell types) to implant biomate-
rials is affected by several material properties, that are usually divided in bulk proper-
ties and surface characteristics. Bulk properties for instance determine the mechanical 
strength of implants [16], whereas surface properties are important for the interactions 
with surrounding biological compounds (i.e. ions, proteins and eventually cells). 
On basis of their chemical properties, bone implant materials can roughly be di-
vided into metals, ceramics and polymers. The different material classes provide very 
different mechanical characteristics [27]. The mechanical properties of an implant bio-
material determine stress-strain, elasticity, tension-compression, shear and fracture 
resistance [28]. The mechanical characteristics of an implant material must be ad-
justed to its intended function in order to prevent failure. Materials that are appropriate 
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for a certain application can have detrimental effects when used for other implant ap-
plications. 
In addition to bulk properties of implant biomaterials, several surface characteristics 
are important in determining the quality of osseointegration. Surface characteristics 
can be divided in composition, surface free energy (SFE), surface charge, ion release 
and topography [17, 29]. As mentioned above SFE, which is reflected by the hydro-
philicity of an implant surface, is an important factor for the adhesion of proteins and 
cells. Surface free energy is especially important during initial conditioning by proteins 
and during initial cell adhesion. Hydrophilic surfaces stimulate the adhesion of proteins 
and cells; hydrophobic surfaces diminish protein and cell adhesion. SFE is enhanced 
by oxidation of the implant surface [30]. However, not all proteins respond to an in-
crease in SFE. Some proteins like fibronectin are mainly influenced by changes in sur-
face charge [30]. The increase of SFE is not always desirable. For some implant bio-
materials like vascular grafts or artificial heart valves it is highly important that surfaces 
are hydrophobic in order to prevent adhesion of biological material and thereby to 
function properly. 
Another perhaps even more important factor for improvement of wound healing and 
tissue repair after implantation is surface topography. Micrometer and nanometer 
roughness enhances hydrophilicity compared to smooth surfaces [31], but the impor-
tance of surface topography has already been recognized up to many levels for a long 
time [32-34]. Whereas surface analysis was only marginally applied up to 25 years 
ago, is it currently mandatory for research, standardization and quality control for im-
Figure 3. Overview of the several topographies on a dental implant ranging from a. macro-
scale (i.e. >100µm), via b. micro-scale (1-100 µm) down to c. nano-scale (<100nm). 
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plant materials. Biological systems recognize and respond to the surface through the 
surface pattern. Implant surfaces are rarely flat, but have certain topography, which 
can be either roughness (aspecific topography) or texture (structured topography) [35]. 
Surface roughness is characterized by randomly distributed surface topographies, 
whereas surface texture is characterized by a regular surface topography with defined 
dimensions and distribution [35]. As will be discussed later, surface topographical 
characteristics influence cellular responses such as initial adhesion, orientation, migra-
tion and differentiation [36]. 
Surface topography of implants can be divided into 3 levels: macro-, micro- and 
nano-sized topologies. Macrosize topography (>100µm; Figure 3a) improves me-
chanical stability; however it also introduces an increased risk for peri-implantitis and 
increased ionic leakage [26]. Microscale surface topography (1-100 µm; Figure 3b)  
maximizes the interlocking between ingrowth of mineralized bone and the implant sur-
face. An advantage of micro-sized roughness is the early bone-implant contact which 
is especially important in patients with insufficient bone quantity or anatomical limita-
tions. Several reports show highly improved integration of implants with a surface mi-
croroughness compared to smooth surfaces [37-39]. Nanoscale surface topography 
(<100 nm; Figure 3c) is in the same order of size as the natural extracellular matrix 
(ECM) and is very important for adsorption of proteins, adhesion of osteoblasts and to 
increase the rate of bone healing [40]. Mimicking this natural ECM on implant biomate-
rials by the use of nanotechnology might improve bone healing after implantation. 
4. Importance of nanotechnology in implantology 
From previous descriptions in this chapter it has become apparent that the intro-
duction of nanotopography on bone implant biomaterials can become a very powerful 
tool to improve the rate and quality of implantations. Recently, nanoscale has been 
defined as being in the order of 100nm or less [40]. In this context it has been decided 
that a biomaterial can be named a nanobiomaterial if it contains one or more dimen-
sions of 100 nm or less [40]. Currently, much effort is placed in applying implant sur-
face topographies in nanometer scale by mimicking the dimensions of the natural 
ECM. Collagen is one of the key-proteins in all living tissues. Mimicking its nanotopog-
raphy might promote early tissue integration and reduce the chance of implant failure. 
The natural collagen fibrils exist in a different array of patterns as described by Weiner 
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et al. [41]. Examples are parallel fibers, plywood-like fibers and radial fibers. Collagen 
type I fibrils typically have a periodicity of 68nm and the spaces are approximately 
35nm deep. Additionally, cortical bone has an average roughness of 32 nm, which is 
also in the nanometer scale [42]. Several techniques have been applied to create 
nanotopography on implant materials ranging from techniques like machining and 
etching to create nanoroughness, to advanced techniques like electron beam lithogra-
phy and laser interference lithography to create highly defined patterns in the nano-
scale. 
The effect of topography on cells has already been observed for a very long time 
by many researchers. With improving technology, the challenge to study cellular re-
sponses shifted from microtopography to nanotopography in the last century. In order 
to get a better understanding of cellular responses to surface topographic characteris-
tics, a short overview is given on the development of these studies next. 
5. Initial studies on implant surface microtopography 
The effect of an organized surface topography on cellular behavior has already 
been shown since the beginning of the 20
th
 century. In 1911, Harrison discovered that 
embryonic cells migrated along spider web filaments [43]. Many years later, Weiss 
(1945) [44] demonstrated that cells aligned and migrated along 13µm thick glass fibers 
and for this phenomenon introduced the term “contact guidance”. Later, Curtis and 
Varde (1964) [45] showed that contact guidance is a direct response of cells to the 
topographical cues. In the early 1970s, micrometer grooves were introduced as an 
important surface topography in context of cell guidance and tested in vitro. Rovensky 
et al. described fibroblast alignment to 25µm deep triangular shaped grooves with a 
150µm pitch [46]. Dunn and Heath (1976) demonstrated that groove angle was an 
important factor for cellular extension. In the late 1970s, Ohara and Buck (1979) [47] 
showed the importance of (adhesion plaques) focal adhesions for recognition of 
grooves and ridges and subsequent alignment. 
In the 1980s several groups started to employ microfabrication techniques to obtain 
large area microtextured substrata with high precision for the study of cell behavior. In 
1986, Dunn and Brown [48] studied fibroblast response to micrometer grooved sub-
strates ranging from 1.65 to 8.96µm with a pitch from 3.0 to 32µm and a depth of 
0.69µm. The study demonstrated that fibroblasts align to all tested groove dimensions. 
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From the results Dunn and Brown concluded that ridge width mainly accounted for the 
cell response. In the same period, Brunette [49] performed similar studies; from the 
results Brunette concluded that microfilament (and thus cell) stiffness and the inability 
to function properly when bent was the key factor for cellular alignment. In the late 
1980s and in the 1990s much research was performed on the influence of micro-
textures on cellular behavior as reviewed by von Recum [35], Curtis [36], Walboomers 
[50] and Flemming [51]. 
Clinical studies on the effects of implant surface topography have been described 
since the 1960s; Branemark studied bone formation on machined titanium dental im-
plants [52]. Over 20 years later, in 1989, Chehroudi et al. [53] studied epithelial cell 
behavior on microtextured titanium coated substrates in vivo. In 1997, Chehroudi et al.
[54] studied bone formation around microgrooved implants. The study showed that 
bone formation was aligned on grooves and bone like foci formation decreased with 
increasing groove depth.  
6. Fabrication of surface nanotopography 
During the last years, the aims in topography research seem to shift from the pro-
duction of surfaces with microtopography to nanotopography. The groups of Jansen 
[55] and Curtis [56, 57] were the pioneers in this field and performed in vitro studies on 
substrates bearing several different nanotopographical (semi-) ordered patterns (pits, 
pillars and grooves).  
Several techniques have been employed for the production of nanotopographical 
surfaces. The techniques can be categorized as writing, replication or self-
organization. Writing techniques (mostly lithography) create (nano-) patterns directly 
into a substrate. These substrates often serve as a template for replication of patterns 
onto other materials. Several replication methods are used to transfer nanopatterns 
like nano-imprinting and nano contact printing (nCp). Self-organization is a process 
where semi-ordered nanopatterns are formed naturally due to a thermodynamic driv-
ing force under specific interface and coherence energy constraints. 
The different techniques can be either based on the removal of materials (top-
down) or on the assembly of nanostructures from atoms or molecules (bottom-up). 
Typically, writing (lithography) and replication techniques are “top-down”, whereas self
-organization techniques are “bottom-up” [58]. 
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Depending on the manufacturing method, the nanofeatures created can be direc-
tional (anisotropic) or unidirectional (isotropic) for cells. In implantology, the applied 
surface topography is thus far mainly isotropic. Anistotropic implant material surfaces 
are typically grooved and are important for cell guidance. Anisotropy is particularly in-
teresting for implantology, since collagen fibrils in the ECM are usually anisotropic. As 
mentioned, collagen type-I, the main protein in natural bone ECM, can form parallel 
arrays of fibrils. The cells then become aligned to these fibrils. As a consequence cells 
might recognize the surface as a “natural surface” and this can lead to an improved 
ECM (re)organization and mineral deposition compared to isotropic surfaces. Thus far, 
only a limited amount of studies have been performed on cellular response to 
nanogrooves. Applying an isotropic topography is expected to result in an improve-
ment in the control of more collective cell functions like proliferation, morphology and 
differentiation. Isotropic surface topographies can be either textured or rough and cells 
grow unidirectional on the substrates. Since different topographical cues can introduce 
very different effects on cell behavior, a number of techniques to create nanotopogra-
phy is described below ranged by the organization of nanotopography that is formed. 
In addition, the in vitro effects on these nanopatterned substrates will be discussed. 
6.1. Random nanoroughness 
Nanoroughness can be created by several techniques like nanoparticle compac-
tion, machining, chemical etching and anodization. Substrates created with such tech-
niques display a completely at random topography. Most of the described techniques 
have previously been used for microroughening implant materials as used nowadays. 
However, due to the application of nanophase instead of microphase materials, the 
same techniques are currently being explored for nanoroughening of substrates. 
6.1.1. Compaction of nanoparticles 
Sintering is a method by which metals or a mixture of metals with polymers/
ceramics are compacted by applying a high temperature (600-1200
o
C) [59]. As an al-
ternative for this method, cold compaction has frequently been used [60]. By avoiding 
the use of a high temperature, problems such as surface chemistry alterations 
(oxidizing or contaminating atmospheres) are avoided [61]. Using this method, metals 
are compacted using a very high pressure in combination with ambient temperatures. 
Currently conventional metals (like TiO2) are used in implantology (reviewed by Wen-
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neberg and Albrektsson [38]). These materials exhibit a micro-rough surface however 
are smooth (i.e. an average roughness (Ra) of less than 20 nm) at nanoscale [38]. In 
contrast, nanometer phase metals yield surfaces with nanoscale grain boundaries 
[62]. The major advantage is that surface roughness and consequently the surface 
area are increased.  
Several studies demonstrated beneficial effects of nanophase materials compared 
to conventional materials on osteoblast adhesion, proliferation and differentiation. The 
group of Webster et al. [61-67] compared the behavior of osteoblasts on conventional 
versus nanophase materials like Al2O3, Ti, Ti6Al4V, CoCrMo and a mixture of Ti with 
PLGA. Compaction of nanophase particles resulted in a 2-3 fold increased surface 
nanoroughness relative to surfaces created from conventional metals. Comparison of 
osteoblast adhesion on these materials demonstrated that adhesion was highly in-
creased on nanophase materials [61, 63]. Comparison of osteoblast proliferation and 
differentiation on Al2O3, Ti and Ti-PLGA composite demonstrated that both prolifera-
tion and differentiation of the osteoblasts was enhanced on the nanophase materials 
[62, 64, 66]. In another study, Liu et al. showed an increased osteoblast function 
(adhesion, proliferation and differentiation) with increasing surface roughness (highest 
Ra studied was 120nm) [67]. 
Dulgar-Tulloch et al.[68] studied osteoblast adhesion and proliferation on com-
pacted nanophase Al2O3, TiO2 and hydroxyapatite of different grain sizes. Surface 
roughnesses of the compacted materials ranged from 24 nm upto 45 nm. Corroborat-
ing the studies of Webster et al., this study demonstrated that osteoblast adhesion 
and proliferation was mostly enhanced on materials with the highest surface rough-
ness. 
6.1.2. Machining 
Using the machining strategy to create nanotopography, semi-ordered patterns 
(scratches) are created in substrate surfaces, which mostly have a groove-like pattern. 
Often, the patterns are acid etched after machining to increase the surface roughness 
and create an additional dimension in the machined substrates [69]. 
Park et al. [70] demonstrated that platelet activation was increased by nanorough-
ened substrates by machining, which may lead to increased osteoconductivity of im-
plant materials. Several other studies compared the osteoblast response on chemical 
etched surfaces with machined surfaces. The main findings of these studies are de-
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scribed below in the “Chemical etching” section. 
6.1.3. Chemical etching 
Using chemical etching, a nanoroughness is created by soaking a material in an 
etchant. Usually  a mixture of acids like HCl, H2SO4 or HF, peroxidation or a base like 
NaOH is used. During chemical etching the material is etched away and micro or 
nanopits are created on substrates dependent on acidity and time of incubation. By 
now, patterns can be created with dimensions down to 20-50 nm [71]. Since chemical 
etching is a non specific surface treatment technique, structures with any geometry or 
predetermined organization cannot be created. However, despite being non specific, a 
major advantage of this technique over many other techniques is that semi-ordered 
topographies (pit-like structures) can be applied on three dimensional substrates. 
Anodization is another chemical way of creating micro- or nanoroughness in metals 
by incubation in strong acids at high current density or potential. This results in thick-
ening the oxide layer on titanium. The formation of pattern dimensions are dependent 
on acid concentration and composition, current density, electrolyte temperature and 
time of incubation. 
Several in vitro and in vivo studies have been performed on the osteoblast re-
sponse to nanotopography created by acid treatment. Some groups compared the 
patterns created with etching to patterns created with machining (which creates an 
anisotropic groove-like structure). Takeuchi et al. [72] compared the differentiation po-
tential of osteoblasts on machined (Ra of 49 nm) versus dual acid etched (DAE; Ra of 
110 nm) substrates and demonstrated that osteoblast differentiation was increased on 
DAE. In an in vivo follow-up study using identical substrates, Butz et al. [73] showed 
that osseointegrated bone to acid etched substrates had higher strength and stiffness 
than to machined susbtrates. Kubo et al. [74] compared the proliferation and differen-
tiation potential of periosteal cells on machined (Ra 49nm) and acid etched (Ra 
183nm) Ti-substrates. Periosteal cell proliferation was much higher on machined sur-
faces compared to acid etched surfaces. The study showed that surface topographies 
can have profound effects on the differentiation pathways of stem cells. Cells on ma-
chined surfaces differentiated to an osteogenic cell lineage, whereas cells on acid 
etched surfaces differentiated to a chondrocytic lineage. 
De Oliveira et al. [69, 75] created a nanotopography on Ti surfaces by acid etching 
and demonstrated that osteoblast differentiation was increased relative to untreated 
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machined Ti surfaces. Vetrone et al. [76] used several dual acid etching reagents to 
determine surface nanoroughness and demonstrated that acidity variation introduced 
changes in surface nanoroughness. The study further showed that in particular 
H2SO4/H2O2 treated surfaces positively affected osteoblast differentiation, whereas 
osteoblast proliferation and differentiation was decreased on NH4OH/H2O2 treated sur-
faces. 
6.2. Semi-ordered nanotopography created via self assembly: 
Self assembly is a process by which (nano)patterns are formed spontaneously by 
thermodynamic equilibrium conditions through a number of noncovalent interactions 
[77]. The self-organization process is very close to nature, since bone tissue itself, like 
many other biological structures, is organized in this way. The lowest level of self-
organization in this context are collagen fibrils and hydroxyapatite, which is embedded 
in these fibrils [78].  
Colloidal lithography and polymer demixing are the used techniques for creating 
self assembled, isotropic topography. Using isotropy, it is expected that cells do not 
align. Instead, control of collective cell functions would be expected. Although these 
techniques have not been used yet for implant patterning, many studies have been 
performed for the assessment of cellular behavior on these nanoscale features as will 
be described below. 
6.2.1. Polymer demixing 
Using polymer demixing, two immiscible polymer blends (e.g. polystyrene [PS] and 
poly(4-bromostyrene) [PBrS]) or diblock copolymers [79] (e.g. poly(ethylene glycol) 
[PEG] and Poly(-caprolactone) [PCL]) spontaneously undergo phase separation dur-
ing spin casting onto silicon wafers. By adjusting polymer ratios, semi-ordered topog-
raphies can be produced in the form of nano scale pits, islands and ribbons. By ad-
justing polymer concentrations, feature sizes are changed [80]. This method allows 
the production of nanopatterns down to a height of as low as 10 nm. It is a fast and 
inexpensive method for creating polymeric surfaces with nanometer scale and there-
fore it is frequently used to test cellular responses to topography, however in vivo ex-
periments have not been performed yet using this method. 
Dalby et al. [81-86] performed many studies on several dimensions of polystyrene 
and poly(4-bromostyrene) demixed islands and demonstrated that fibroblast and en-
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dothelial cell adhesion and focal adhesion formation was greater on islands around 10
-13 nm than on 35nm and 95nm high islands. In addition, studies of osteoblast behav-
ior on polymer demixed islands demonstrated that spreading and differentiation was 
greater on 10nm high islands than on 33 and 45nm high islands [87]. Lim et al. [88] 
demonstrated that osteoblast proliferation and differentiation was significantly greater 
on 11nm high islands compared to 38 and 85 nm high islands. Using PS and Poly-L-
Lactic acid (PLLA) demixed islands or pits the same group also found that osteoblasts 
adhered better to nanoislands than to nanopits [89]. Hansen et al. [90] studied os-
teoblast stiffness on 11 and 38 nm high islands and demonstrated that stiffness in-
creased by the introduction of nanotopography. 
6.2.2. Colloidal lithography 
An alternative approach to create semi-ordered nanotopography is by colloidal li-
thography (Fig. 4). In colloidal lithography, colloidal nanoparticles are deposited on a 
substrate and create a nanotopographical surface. The nanoparticles dispersed as a 
monolayer and are electrostatically self-assembled over the surface. Directed reactive 
ion beam bombardment or film evaporation is subsequently used to etch the area sur-
rounding the particles as well as the particles itself [91]. The colloidal particles are sub-
sequently removed by a lift-off process. Usually, particles of a standard diameter are 
used to create a substrate with uniform island dimensions. Using this technique, a 
controlled environment of nanopits (via film evaporation), pillars (ion beam etching) or 
hemispherical protrusions (evaporation of thick film totally enclosing the particles) can 
be created [91]. Particle size and density can be controlled to alter the surface textur-
ing, e.g. the spacing between particles is controlled by changing the ionic strength of 
the solution. 
Only few in vitro studies have been performed using nanopatterned substrates cre-
ated with colloidal lithography. However, the studies that have been performed 
showed the beneficial effects of semi-ordered topographies. Dalby et al. [92-94] dem-
onstrated that fibroblast adhesion and proliferation was decreased on islands with an 
approximate height of 160 nm. In the same group, Berry et al. [95] demonstrated a 
similar response of osteoblasts to semi-ordered topographies. However, Rice et al. 
[96] studied the influence of 110 nm high nanoisland density gradients ranging from 
43% down to 3% to osteoblast and macrophage adhesion and proliferation and found 
no influence of densities on the growth of both cell types. 
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6.3. Ordered nanotextures 
Previously, microtextures have been produced using several techniques like photo-
lithography and microcontact printing (µCP). However, these techniques were not ap-
propriate to create textures with a nanometer resolution. Therefore, dedicated tech-
niques originally used for optics and electronics [97, 98], were optimized for nanotex-
turing of biomaterial surfaces like electron beam lithography (EBL), focused ion beam 
lithography (FIBL), nanoimprint lithography (NIL), Laser interference lithography (LIL) 
and nanocontact printing (NCP) [99]. In this section we will discuss the techniques that 
have been used for nanotexturing of cell culture substrates. The use of these tech-
niques for surface patterning is only limited yet and therefore, only few in vitro studies 
have been described. 
Figure 4. Schematic overview of several basic lithographic processes. a. Collodial lithography. 
Colloidal nanoparticles are dispersed over the surface and the surface is etched away or bom-
barded with ions to create patterns into the substrate. Subsequently the colloidal particles are 
removed and a patterned surface is obtained. b. Electron beam lithography (EBL). Using this 
technique, a photoresist film (orange) is exposed by electrons. Subsequently the film is devel-
oped and the underlying substrate is etched away. As the remaining resist is removed and a 
patterned surface is obtained. c. Nano imprint lithography process. A patterned stamp (e.g. 
created by EBL) is placed on top of a temperature-sensitive resist layer or polymer. Subse-
quently the layers are heated and the resist conforms to the stamp. During cooling the resist 
solidifies which results in a negative pattern of the original stamp. A replica of the stamp is sub-
sequently created by the use of etching techniques. 
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6.3.1. Electron beam lithography (EBL) 
Electron beam lithography (EBL) is a top-down technique that has been widely 
used to create surface features at nanoscale for biological experiments. This method 
utilizes high-energy electrons to expose an electron-sensitive resist layer. EBL is a 
“direct writing” technique because no physical mask is needed for surface patterning. 
The beam can be programmed to precisely control its travel route [80]. Optimization of 
the method leads to the possibility for creating surface features down to 5nm. How-
ever if a large surface area is created, the limit is dropped to 30-40nm due to the elec-
tron scatter, which introduces an imprecision below this size [100]. EBL suffers from 
several other disadvantages; the E-beam induces resist swelling at these resolutions. 
In addition the production of nanotextures using EBL can be very time consuming due 
to the low writing speed. Consequently the technique can be very costly, however for 
cell studies this problem are overcome to some extent by using the substrates as 
master for replication onto polymeric materials. 
Thus far, several types of nanotextures created with EBL have been used for cell 
culture assays like pits, pillars and grooves. First Curtis et al. [56] and later Dalby and 
Biggs et al. [85, 101-106] used large arrays of pits or pillars into silicon with a diameter 
of 120 nm or less and a centre-to-centre spacing of 300 nm or less. Using an opti-
mized method of EBL, 1x1cm
2
 areas were created within 1 hour. In this method, each 
pit was formed by a single exposure by the Gaussian shape of the electron beam. 
These were used as a master for replication into either polymethylmethacrylate 
(PMMA), poly(caprolactone) (PCL) or (poly)carbonate (PC). Using the nanopatterned 
replicas Dalby et al. demonstrated that fibroblasts respond to nanopits with diameter 
down to 35 nm [85]. Biggs et al. [102, 103] studied osteoblast response to nanopits. 
Osteoblast adhesion was diminished compared to smooth substrates when cultured 
on nanopits. Studies on mesenchymal stem cell differentiation [104] or osteoblast 
gene expression [101] demonstrated that both gene and protein expression were in-
duced by the nanopatterns. Texeira et al. [107, 108] studied the behavior of epithelial 
cells on EBL-derived silicon substrates bearing submicrometer grooves. Epithelial 
cells aligned to grooves down to 330 nm width and 70 nm ridge width. However, 
groove depth and width were always kept at a micrometer scale. Loesberg et al.[55, 
109] studied fibroblast alignment on a  polystyrene (PS) “biochip” containing 50 differ-
ent nanotextured patterns in a range of groove dimensions, nanopits and squares. 
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The study showed that fibroblasts sense patterns with a feature size down to 35 nm. 
Recently, we studied initial osteoblast behavior on the same substrates and demon-
strated that osteoblasts are more sensitive to nanopatterns than fibroblasts are and 
sense patterns with a feature size down to 18 nm. The study also demonstrated that 
groove depth and width are key factors for osteoblast response (Fig. 5). Yang et al.
[110] demonstrated that MG63 osteoblast-like cells respond to grooves with a ridge/
groove width of 90 nm and a depth of 300 nm with increased elongation, alignment and 
a decreased cell area. 
6.3.2. Focused ion beam (FIB) processing 
Focused ion beam processing is a “direct writing" technique which allows either the 
deposition of nanoparticles down to 10nm directly onto a substrate (bottom-up, FIB-
lithography) or de removal of material (top-down, ion beam milling (IBM) reactive ion 
etching (RIE)). The FIB-lithography technique is analogous to EBL, however a different 
type of lenses are applied as a consequence of the much heavier ions [99]. A major 
advantage of FIB technology is the ability to operate a FIB with a proper beam size, 
current and energy to remove or add a required amount of material with or without 
chemical reactions and therefore 3D nanostructures can be created with high precision 
[111]. 
IBM and RIE allows the simultaneous material removal (top-down) of large areas on 
almost every material [111]. Through ion bombardment substrate particles are selec-
tively removed from the surface. The smallest spot size of the beam is in the order of 5-
Figure 5. a.b. Nanopatterns with a range of different shapes and dimensions were created with 
electron beam lithography. Cells were cultured on the substrates and subsequently studied on 
their morphology (i.e. orientation, area and elongation) by fluorescence microscopy on filamen-
tous actin.  c. Cells aligned to wide grooves (600 nm) and became more elongated, whereas 
cells spread randomly on small grooves and were more rounded (d.). 
35 
 
2 
10 nm and thus features as small as 5nm can be created. A disadvantage in RIE is 
that with increasing milling depths the sidewalls become more tapered and the edges 
more rounded. The maximum etching depth is approximately 1000 nm as a conse-
quence of material replacement. Usually RIE is used to transfer EBL or colloidal litho-
graphic created patterns to other materials.  
Thus far, only few in vitro studies have been performed on FIB-lithographically cre-
ated substrates. He et al. [112] studied the osteoblast response to several patterns 
(rectangular pits) created by IBL with heights of around 120 nm and widths of 10-20 
µm. The study demonstrated that osteoblast attachment was increased on the sub-
strates compared to the smooth control.  
6.3.3. Nanocontact printing (nCP) 
Microcontact printing (mCP) has been used to pattern surfaces in the micron range 
and simple patterns in the nano range. This technique uses a mask (created with for 
instance lithography) that is copied into a soft polymer to create a stamp, usually 
polydimethylsiloxane (PDMS). The stamp is subsequently soaked with the desired 
biomaterial and then pressed against a surface to deposit the material. The versatility 
of the method is increased by using different soaking materials to yield multiple distinc-
tive fields. Additionally the patterned surface can be increased by sequential stamping 
[113]. However, the uniformity of the stamped area decreases with an increasing sur-
face area to be patterned. Another major drawback is the soft polymer stamp. During 
soaking the stamp can swell and this results in an increase in pattern size. In addition, 
due to the elastic nature the stamp can collapse or buckle, which will also result in the 
deformation of the patterns. Another disadvantage is the potential for surface contami-
nation [114]. To overcome these disadvantages several improvements were made to 
the technique like  increasing the Young’s modulus of PDMS (reviewed in [114]). 
CP was originally used to create micropatterns on a large surface area by transfer-
ring different biomaterial compounds. In the past 10 years many efforts have been 
made to decrease the size to the nanoscale. In order to achieve this, stiffer elas-
tomeric stamps and high molecular weight inks were used to limit diffusion [115-117]. 
In addition, many groups focused on printing of protein or DNA patterns on flat sub-
strates [118-124]. As a consequence of these optimization steps, patterned substrates 
with feature dimensions of less than 50 nm have been created [125]. 
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The mCP technique has already been applied for micropatterning of curved sur-
faces. This possibility makes the technique interesting for implant patterning [126-128]. 
nCP is a simple and inexpensive method to create nanopatterns on substrates for 
cell studies. Cell biological experiments on both micro- and nanoscale (protein) patterns 
have been performed to study behavior of cells (i.e. neuronal, melanoma and capillary 
endothelial cells) like motility, adhesion, spreading and differentiation [121, 122, 124, 
129, 130]. However, thus far no studies on the osteoblast response to nanopatterns 
created with nCP have been performed. 
6.3.4. Nanoimprint lithography (NIL) 
Nanoimprint lithography (NIL) (or nanoembossing) is a top-down nanopatterning 
technique which requires a mask. The process consists of two steps: imprinting of a 
nanopatterned mold in a thin resist layer which is subsequently heated and deformed 
by the mask, a process also called hot embossing. The mask is removed, the resist is 
cooled below the glass transition point and a reactive ion etching (RIE) step is used to 
remove resist residues and print the pattern in the underlying material [131]. Using 
nanoimprint lithography patterns as small as 5nm with aspect ratios down to 20nm can 
be created over a large surface area [132]. NIL can create patterns in materials such as 
SiO2/Si or polymers. 
NIL offers a number of potential advantages over the before mentioned techniques. 
First, energetic beams (like electrons or ions) are not used and disadvantages such as 
(back) scatter and wave diffraction are overcome. Second, NIL can print large areas in 
nanometer scale at once hereby offering a high throughput. Third, its costs are poten-
tially low because no expensive and time consuming equipment is used [133]. The 
resolution of NIL is not limited by factors directly related to the process; however it is 
limited by the mask fabrication process. The masks are usually produced by litho-
graphic techniques like EBL or FIBL. Unfortunately problems have to be overcome like 
alignment, demolding and fouling of the mask as a consequence of multiple heating 
and cooling steps [134]. In order to overcome these problems several closely related 
methods were developed like step and flash imprint lithography (S-FIL), solvent-
assisted micromoding (SAMIM) and UV-NIL. These methods are reviewed by Trusket 
et al. [135]. 
Charest et al. [136] compared osteoblast alignment to nanogrooves created by NIL 
and chemical microcues created with CP by making an overlay of the chemical cues 
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and the nanopatterns. The study showed that cells preferred microtopography over 
nanotopography. Hu et al. [137] studied smooth muscle cell behavior on (sub)
microgrooved substrates and demonstrated that cell alignment decreased with in-
creasing groove width and decreasing groove depth and concluded that pattern height 
is an important factor that significantly affects cell behavior. Using similar patterns, 
Figure 7. a. Osteoblasts align to grooves with a width of 100 nm and a ridge of 100 nm. fila-
mentous actin is stained red and the nuclei blue. b. Bone extracellular matrix (ECM) is depos-
ited inside grooves with a width of 150nm. 
Figure 6. Overview of the laser interference lithographic process. A laser beam is first directed 
through a pinhole and subsequently through a lens to focus the beam. Subsequently the beam 
is split by a beam splitter and 2 beams are directed to the target by the use of mirrors to create 
nanopatterns. 
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Crouch et al. [138] demonstrated that the aspect ratios (the combined effects on pat-
tern width and depth) rather than pattern depth or width separately determine the re-
sponse on fibroblast behavior. Martinez et al. [139] studied osteoblast response to 
nanopatterned poly(methyl methacrylate) (PMMA) substrates bearing either pillar-like 
structures of 30 nm height and 300 nm width or grooves of 200 nm depth, 200 nm 
width and a ridge width of 200 nm. The results showed that osteoblasts preferred to 
reside on top of the grooved patterns and on the pillar-like structures followed the sub-
strate morphology. 
6.3.5. Laser interference lithography (LIL) 
A very promising technique for creating nanotextures is laser interference lithogra-
phy (LIL). LIL is a maskless lithographic technique using the interference pattern of 
two obliquely incident beams [97, 140] (Fig.6). One part of the laser beam reaches a 
photoresist layer directly, while the second part of the laser reaches the photoresist 
layer via a mirror and produces a regular interference pattern in the photoresist. A line 
pattern is created using two lasers, whereas a dot type pattern can be created by us-
ing three lasers (two interfering beams) [141]. By the use of an extra interference 
beam, pillar like structures can be created [142]. LIL has several major advantages 
over the earlier mentioned techniques. Using LIL, patterns with a pitch size down to 
133nm can be produced over a large surface area. Furthermore, no additional steps 
(i.e. etching, photoresist development) are required. Consequently, the technique is 
very cost-effective. 
This technique was originally used in electronics [143] and optics (i.e. [144, 145]) 
and is currently being explored for biological applications (Fig. 7). Recently, we stud-
ied the response of osteoblast-like cells to nanogrooved substrates and demonstrated 
that cells aligned to nanopatterns down to a groove width of 75 nm and a depth of 35 
nm. In addition, the study demonstrated that ECM produced by osteoblasts was sensi-
tive to even smaller nanopatterns and that specific gene expression was induced by 
the nanpatterns. 
6.4. In vivo application of implant nanotopography 
Few studies have been performed to assess the biocompatibility of nanotextured 
biomaterials. Giaveresi et al. [146] studied the effect of polymeric nanopits and nano-
cylinders on fibrous capsule formation and vascularity by implanting the biomaterials 
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subcutaneously into rats. The study demonstrated that nanopits increased the devel-
opment of fibrous capsules, while nanocylinders increased the cellularity of the fibrous 
capsule and the vascular density.  
In another in vivo study, Popat et al. [147] first studied the in vivo biocompatibility of 
nanotubular substrates with a pore size of approximately 80nm by a subcutaneous 
implantation of the biomaterial into rats. The study demonstrated that TiO2 nanotubular 
substrates did not induce fibrous tissue formation around the implant and concluded 
that the biomaterials were biocompatible. Thus far, only one in vivo study has been 
performed on the response of nanotextured implant materials in bone. Recently, 
Bjursten et al. [148] assessed the bone forming capacity of similar TiO2 nanotubular 
biomaterials by implantation into the tibia of rabbits. The study demonstrated that  
nanotubular implants greatly improved bone formation and strength at the implant in-
terfaces compared to grit-blasted microrough Ti implants. 
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7. Conclusions 
Currently, many efforts are made to generate bone implants with enhanced 
biomineralization properties for an increased effectiveness and survival rate. These 
“new generation” implants will have to lead to an increased quality of life for affected 
patients and ultimately a decrease in medical costs. In this chapter we proposed that 
this could be achieved by mimicking the natural extracellular matrix, which is highly 
organized at the nanoscale. Cells recognize nanoscale topography at the implant sur-
face as a “natural” surface and this might lead to a highly reduced initial inflammatory 
response to the implant materials by the host system. 
Nanotechnology, as originally applied for optics and electronics, can provide the 
tools needed to create nanotextures on implant biomaterials. Using these techniques 
a wide variety of nanotextures can be created on biomaterial surfaces and by the use 
of a combination of the techniques it can even become possible to pattern irregular 
implant surfaces like dental implant treads. However, the application of ordered 
nanotechnology as a tool for implant patterning has been studied for less than one 
decade and there is still a lot of uncertainty on the exact effect of nanotopographies 
on cellular responses, let alone which pattern type(s) will be preferrable for an optimal 
response. It is also possible that a combination of different nanotextures or a combi-
nation of nano- with microtextures will induce optimal control of cellular responses in a 
endosseous environment. In order to answer these questions, still many investiga-
tions, most importantly in vivo studies, will have to be performed. Only in vivo re-
search can answer the question of whether implant biocompatibility can be improved: 
i.e. if nanotexturing of implant surfaces can truly reduce inflammatory responses and 
improve osseointegration at the bone- implant surface. 
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1. Introduction 
The use of implants has become a common treatment for end stage destructive 
joint diseases like osteoporosis, osteoarthritis and bone tumors. These bone diseases 
are characterized by poor bone quality, decreased bone formation or increased bone 
resorption. Current therapy includes the replacement of damaged tissue by the instal-
lation of an implant. To increase the lifespan of implants in these compromised pa-
tients, there is a need for a new generation of implantable biomaterials, for which it is 
supposed that improvement of initial bone tissue response should lead to long-term 
implant stability [1]. This initial response depends on several factors, but most impor-
tant are the interface interactions between bone tissue and the biomaterial surface. 
Key parameters are surface wettability and surface topography [2]. Cells are known to 
be very sensitive to the surface topographical environment and recognize surface to-
pographical alterations, which subsequently can induce changes in the cytoskeleton, 
cell shape and differentiation [3]. Besides this cellular effect, surface nanostructure 
can serve as a template to control the initiation and growth of apatite crystals, the ma-
jor building block of bone tissue [4]. In this context it is envisioned that one approach 
to improve interface interactions between implants and the surrounding bone tissue is 
by mimicking the natural extracellular matrix (ECM) of bone tissue in order to stimulate 
osteoblast adhesion, proliferation and differentiation. The natural bone ECM is a 
highly organized nanocomposite, consisting of molecules like collagen type-1 and hy-
droxyapatite [5,6]. Collagen type-I forms fibrils with an interfibrillar spacing of 68 nm 
and 35 nm depth. The hydroxyapatite crystals are embedded in these fibrils [6] and 
have an average size of 50x25x4 nm
3
. The bone surface has an average roughness 
value (Ra) of 32 nm [7]. Many groups have already verified the effect of mimicking the 
bone surface nanoroughness using various biomaterials [7-18] and showed a benefi-
cial effect of nano-roughness on osteoblast proliferation [8, 9, 13, 14]. However in all 
these studies, nanometric surface structures were formed by random processes like 
self-organization via polymer demixing, colloidal lithography, acid etching or grinding 
[11, 12, 17]. The response of osteoblasts to ordered textures has also been reported, 
but merely on a micrometer (i.e. >1µm) or sub-micrometer topography (i.e. 1 µm>100 
nm) [19-21]. It is shown that cells are especially responsive to groove/ridge patterns 
and on such surfaces aligned as well as migrated along the groove direction. Also 
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ECM formation [22] and mineral deposition has been shown to be promoted along 
such sub-micrometer grooves [21]. However, so far most studies focused on the cell 
response to grooves with only one dimension (either depth or width) in the nanometer 
scale (i.e. 1-100 nm), while leaving the other dimension always at micron or just sub-
micron-scale, i.e. considerably larger than the natural bone ECM [20, 21, 23, 24]. 
In this paper, we report on the response of osteoblast-like cells to grooved sub-
strates nanometric in all dimensions. Several aspects of the cellular response were 
studied, i.e.: 1) adjustment of the shape of osteoblasts and the position of focal adhe-
sions, 2) the interface between osteoblast-like cells and substrates, and 3) gene ex-
pression profiles. 
2. Materials and methods 
2.1. Substrates 
A silicon biochip containing 50 different nanometric patterns was generated using 
electron beam lithography (EBL) as described by Loesberg et al. [25] employing Hy-
drogen Silsesquioxane resist, as described by van Delft et al. [26,27] The field patterns 
consisted of squares of 500 x 500 μm containing patterns with nanogroove-to-ridge 
ratios of 1:1, 1:3 and 3:1. As a control for cellular orientation, silicon substrates with 
microgrooves (depth of 0.25 µm and a  pitch of 2 μm; Walboomers et al. [28]), as well 
as smooth substrates were used. All silicon substrates were used as templates for the 
production of polystyrene (PS; Acros, Geel, Belgium) replicates for cell culture [28]. 
2.2. Large scale uniform nanogrooved substrates created with laser interference li-
thography 
After screening of the biochip, also large scale, uniformly nanogrooved silicon wa-
fers were created using laser interference lithography (LIL). A setup was used based 
on the Lloyd’s interferometer, where a regular pattern was produced by interference of 
an incident laser beam and a mirror reflected beam [29]. The period of the interference 
pattern, and thus of the grating recorded in the resist layer on the substrate, is given 
by the equation: P = λ/(2sin q) where the period (P) is determined by the wavelength 
(λ) of the beam source and the angle (q) at which two coherent beams are interfering. 
With a 266 nm light source, periods of 150 nm up to 1000 nm were produced [30]. An 
optimized antireflective photoresist layer [30] was spin coated on a silicon wafer. After 
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illumination and development of the resist layer, the grating was transferred to the 
substrate by a reactive ion etching process using a Plasmatherm 790 system (Unaxis, 
Utrecht, The Netherlands). An optimized method of reactive ion etching using parame-
ters giving anisotropic etch profiles in nanoscale was used. SF6:O2 (instead of 
CHF3:O2) plasma chemistry gave well defined structures transferred on silicon. Using 
this setup, highly regular patterns were produced over areas of about 2 × 2 cm
2
. 
2.3. Polystyrene replicas 
For the reproduction of the PS replicas, 0.5 g PS dissolved in 3 mL chloroform was 
casted onto a 3’’silicon wafer and the chloroform was evaporated. PS rings (2.0 cm Θ) 
were glued to substrates using a small amount of casting solution to create cell culture 
dishes. Substrates received a radiofrequency glow-discharge (RFGD; Harrick, Ossi-
ning, USA) treatment for 5 minutes at 10
-2
 mbar for sterilization and to improve wet-
tability. 
2.4. Atomic force microscopy (AFM) 
Surface topography was quantitatively evaluated using a Dimension atomic force 
microscope (AFM; Dimension 3100, Veeco, Santa Barbara, CA). Tapping in ambient 
air was performed with 118 μm long silicon cantilevers (NW-AR5T-NCHR, NanoWorld 
AG, Wetzlar, Germany) with average nominal resonant frequencies of 317 kHz and 
average nominal spring constants of 30 N/m. This type of AFM probe has a high as-
pect ratio (7:1) portion of the tip with a nominal length of >2 μm and a half-cone angle 
of <5°. Nominal radius of curvature of the AFM probe tip was less than 10 nm. The 
probes are especially suited to characterize the manufactured nanogrooves. 
Height images of each field/sample were captured in ambient air at 50% humidity 
at a tapping frequency of 266.4 kHz. The analyzed field was scanned at a scan rate of 
0.5 Hz and 512 scanning lines. Nanoscope imaging software (version 6.13r1, Veeco) 
was used to analyze the resulting images. Surface roughness (root mean squared 
(RMS), nm) and depth (nm) were obtained and averaged for three random fields per 
substrate. 
2.5. Cell culture 
Osteoblast-like cells were obtained as described before [31]. Briefly, femurs of 40-
43 day old male Wistar WU rats (local approval number DEC 2004156). The femurs 
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were washed three times in alpha Minimal Essential Medium (aMEM; Gibco, Invitro-
gen Corp., Paisley, Scotland) with 0.5 mg/ mL gentamycin and 3 mg/ mL fungizone. 
The epiphyses were removed and the diaphyses were flushed out cell culture medium 
containing 10% fetal calf serum (Gibco), 50 mg/ mL ascorbic acid (Sigma-Aldrych, 
Zwijndrecht, the Netherlands), 10 mM Na-β-glycerophosphate (Sigma), 10-8 M dexame-
tasone (Sigma) and 50 mg/ mL gentamycin (Gibco). 
After one day medium was refreshed to remove non-adherent cells. After 7 days of 
primary culture, cells were detached with trypsin/EDTA (0.25% w/v trypsin / 0.02% 
EDTA) and seeded onto the substrates at 10
4
 cells/cm
2
. 
2.6. Cellular orientation 
At 24 hours, cells were washed in PBS and fixed for 10 minutes in 3% formalde-
hyde (PFA; Sigma-Aldrych) and 0.02% glutaraldehyde (Acros) in PBS. Cells were per-
meabilized in 1% Triton X100 (Koch, Colnbrook, England) in PBS for 5 minutes and 
subsequently incubated with PBS containing 5% BSA (Sigma) for 30 minutes to block 
aspecific epitopes. Actin filaments of cells were fluorescently stained with Alexa-fluor 
568 conjugated phalloidin (1:200 Molecular probes, Invitrogen Corp., Paisley, Scot-
land) diluted in PBS containing 1% BSA and 0.1% Tween-20 (Merck, Schuchardt, Ger-
many). The specimens were examined using an Olympus FV1000 confocal laser 
scanning microscope (CLSM, Olympus, Center Valley, USA).  
Orientation of osteoblast-like cells on grooved substrates was examined by taking 
photographs of cells and determining the angle relative to the line direction. The im-
ages were analyzed with ImageJ software (Image J, La Jolla, USA). Inclusion criteria 
for cells were: the cell was not in contact with other cells and the cell was not in con-
tact with the image perimeter. Statistical analysis was performed using SPSS for Win-
dows (SPSS14.0, Chicago, USA). 
2.7. Immunofluorescence staining 
After 24 hours, osteoblast-like cells were washed 3 times in PBS and fixed for 10 
minutes in 3% PFA and 0.02% glutaraldehyde in PBS and permeabilized in 1% Triton 
X100 in PBS for 5 minutes. Cells were then incubated in PBS containing 5% BSA for 
30 minutes to block aspecific epitopes. α-Vinculin labeling was performed overnight 
with mouse monoclonal primary antibodies (1:500; Sigma) in PBS containing 1% BSA 
and 0.1% Tween-20. This incubation step was followed by incubation with goat anti-
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mouse secondary antibody Alexa-fluor 488 conjugated IgG (1:200; Molecular Probes, 
Invitrogen), Alexa-fluor 568 conjugated phalloidin for F-actin fluorescence (1:200; Mo-
lecular probes) and DAPI staining for nucleic UV-visualization (1:2500) diluted in PBS 
containing 1% BSA and 0.1% Tween-20 for 2 hours at room temperature. Finally, the 
specimens were examined with an Olympus FV1000 CLSM.  
2.8. Transmission electron microscopy (TEM) 
Osteoblast-like cells were cultured for 12 and 16 days and subsequently washed in 
PBS, fixed in 2% glutaraldehyde in 0.1 M sodium-cacodylate for 5 minutes and 
washed in 0.1 M sodium-cacodylate. Subsequently cells were post-fixed in 1% OsO4 
for 60 minutes and dehydrated in a graded series of ethanol (5 minutes in 70%, 80%, 
90%, 96%, 100% ethanol and finally 100% filtered ethanol). The patterned areas were 
then cut into pieces and embedded in epoxy resin (Electron microscopy sciences, 
Hatfield, USA). The specimens were first incubated overnight in a mixture of 1:1 Ep-
oxy resin:EtOH 100%, washed three times in pure epoxy resin and then incubated 
overnight in pure epoxy resin. The epoxy resin was polymerized at 65
o
C. After polym-
erization ultrathin sections of approximately 130 nm thickness were cut for TEM analy-
sis using a diamond knife (Diatome) and collected on 100 mesh grids (Electron mi-
croscopy sciences, Hatfield, USA). After drying, sections were stained in uranyl ace-
tate for 30 minutes and subsequently in lead citrate for 10 minutes. Sections were ex-
amined with a JEOL TEM 1010 (Nieuw Vennep, the Netherlands). The electron dense 
areas observed with TEM, were further analyzed using EDX-TEM analysis (FEI, Eind-
hoven, The Netherlands). 
2.9. Scanning electron microscopy (SEM) 
At 3, 8 and 16 days, cells were washed in PBS, fixed for 5 minutes in 2% glutaral-
dehyde in 0.1 M sodium-cacodylate and washed for 5 minutes in 0.1 M sodium-
cacodylate. Fixed cells were dehydrated in a graded series of ethanol (5 minutes in 
70%, 80%, 90%, 96%, 100% ethanol and finally 100% water free ethanol) and dried to 
air in tetramethylsilane. The specimens were sputter-coated with gold (10 nm) and 
examined with a Jeol 6310 SEM. 
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2.10. RNA isolation and reverse transcriptase PCR 
Cells were cultured for 12 h, 48 h, and 5 days, washed 3x in PBS and subsequently 
excised from nanogrooved substrates of 1000 nm, 300 nm and 150 nm groove pitch. 
Since cells were seeded at such a low density, conventional reverse transcriptase and 
QPCR was replaced by a single-cell based approach as described by Shieh et al. [32] 
mRNA isolation was performed using the Absolutely RNA
®
 Nanoprep kit (Stratagene, 
La Jolla, USA) according to manufacturer’s protocol. Briefly, the cells were lysed in 
100 μL of lysis buffer containing 0.7 μL of β-mercaptoethanol. Subsequently 100 μl 
EtOH 70% was added, thoroughly mixed and transferred into an RNA-binding nano-
spin cup. The sample was centrifuged at 12,000xg for 60 seconds, the filtrate was dis-
carded and 300 μL of  low-salt wash buffer was added. The sample was centrifuged 
and the filtrate was removed. 15 μL of DNase-solution (2.5 μL RNase-Free DNase-I 
mixed with 12,5 μL DNase digestion buffer) was added to the sample and incubated 
for 15 minutes at 37
o
C. 300 μL of high-salt wash buffer was added to and subse-
quently centrifuged at 12,000xg for 1 minute. The filtrate was discarded, 300 μL low-
salt wash buffer was added to the spin-cup and centrifuged. 8 μL of Elution buffer was 
added to the sample and incubated for 2 minutes at room temperature. The sample 
was collected by centrifugation at 12,000xg for 5 minutes. 
After obtaining the mRNA, a first strand reverse transcriptase PCR was performed 
using the Superscript
TM
 III First-strand Synthesis System for RT-PCR (Invitrogen) ac-
cording to manufacturers protocol. The collected 8 μL of mRNA was incubated with 1 
μL of dNTPs (1 mM end concentration), 0.5 μL random hexamers and 0.5 μL oligo (dT)
20 primers (both 0.5 µM end concentration) for 5 minutes at 65
o
C to anneal the primers 
to the mRNA. The following components were subsequently added: 2 μL 10x reaction 
buffer, 4 μL 25 mM MgCl2, 2 μL 0.1 M DTT, 1 μL RNaseOUT (40 U/ μL) and 1 μL su-
perscript III RT (200 U/ μL). The reaction mix was incubated for 10 minutes at 25oC for 
further primer annealing, 50 minutes at 50
o
C for reverse transcription and 5 minutes at 
85
o
C to terminate the reaction. Then 1 μL RNase H was added to the tube and incu-
bated for 20 minutes at 37
o
C for RNA digestion. This solution was stored at -20
o
C until 
further use. 
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2.11. Real time PCR 
The cDNA will then be amplified and specific gene expression is quantified in a real
-time PCR. For this reaction, 12.5 μL master mix, 2 μL DNA, 3 μL primer mix (1.5 μL 
forward primer and 1.5 μL reverse primer are mixed) and 7.5 μL DEPC. Subsequently 
the PCR is performed in a Real-Time PCR reaction apparatus with the desired tem-
peratures. The used primers were from β1-integrin, β3 integrin, collagen type-I, alka-
line phosphatase (ALP), osteocalcin (OCN), osteopontin (OPN) and β-actin 
(sequences are given in Table 1). The expression of the tested genes was calculated 
via the 2
-ΔΔCt
 method [33] relative to smooth controls. Statistical analysis was per-
formed using SPSS for Windows (SPSS 14). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Overview of the sequences of the used primers 
Primer Sequence 
Col-1 F5'-AACCCGAGGTATGCTTGATCT-3' 
 R5'-CCAGTTCTTCATTGCATTGC-3' 
ALP F5'-GGGACTGGTACTCGGATAACGA-3' 
 R5'-CTGATATGCGATGTCCTTGCA-3' 
Cbfa1 F5'-GCCACACTTTCCACACTCTC-3' 
 R5'-CACTTCTGCTTCTTCGTTCTC-3' 
OCN F5'-CGGCCCTGAGTCTGACAAA-3' 
 R5'-GCCGGAGTCTGTTCACTACCTT-3' 
BSP F5'-TCCTCCTCTGAAACGGTTTCC-3' 
 R5'-GGAACTATCGCCGTCTCCATT-3' 
β-Actin F5'-TTCAACACCCCAGCCATGT-3' 
 R5'-TGTGGTACGACCAGAGGCATAC-3' 
Int α1 F5'-AGCTGGACATAGTCATCGTC-3' 
 R5'-AGTTGTCATGCGATTCTCCG-3' 
Int β1 F5'-AATGTTTCAGTGCAGAGCC-3' 
 R5'-TTGGGATGATGTCGGGAC-3' 
GapdH F5'-TCCTGCACCACCAACTGCTT-3' 
  R5'-GAGGGGCCATCCACAGTCTT-3' 
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3. Results 
3.1. Substrates 
Biochip templates and PS replicates were routinely checked by atomic force mi-
croscopy (AFM) (Figure 1a, b) and scanning electron microscopy (SEM) (Figure 1c, 
d). The dimensions are summarized in Table 2.  
 
 
 
 
Figure 1. 3-dimensional 
(3D) AFM topography im-
age and height profile of 
silicon wafers with groove 
dimensions of a. a width of 
300 nm and a depth of 158 
nm. 3D AFM topography 
image and height profile of 
a PS-substrate with b. a 
width of 500 nm and a 
depth of 153 nm. SEM 
graphs of PS-substrates 
with a width of c.  500 nm 
and d. 80 nm. 
 
 
 
 
 
Figure 2. 3D AFM topogra-
phy image and height pro-
files of LIL-derived PS-
substrates with a width of 
a. 150 nm (49 nm depth) 
and b. 75 nm (33 nm 
depth). SEM graphs of sub-
strates with a width of c. 
150 nm and d. 75 nm. 
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Similar large-scale nanotextures of 2x2 cm
2
 were produced using laser interference 
lithography (LIL) followed by reactive ion etching (RIE). This technique was applied to 
facilitate both qualitative and quantitative in vitro studies. The LIL-derived silicon sub-
strates and the PS replicates were analyzed using AFM and SEM (PS replicates are 
shown in Figure 2 and a list of dimensions is given in Table 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. Feature dimensions of topographically patterned substrata 
E-beam derived biochip 
Pitch 
nm 
Depth 
nm + SE 
Roughness 
nm ± SE 
1000 153.3 ± 2.7 69.1 ± 1.0 
600 158.0 ±3.2 64.4 ± 0.7 
400 149.2 ± 1.2 53.9 ± 1.8 
300 119.9 ± 2.6 36.7 ± 1.3 
200 77.4 ± 4.1 22.0 ± 0.5 
160 51.9 ± 3.4 15.3 ± 0.3 
100 17.2 ± 3.5 9.2 ± 0.7 
80 15.3 ± 1.9 8.7 ± 0.9 
60 11.6 ± 1.1 8.3 ± 0.1 
40 10.9 ± 1.1 6.6 ± 0.4 
2000 353.9 ± 8.2 163.3 ± 10.5 
LIL-derived substrates 
1000 158 ± 10   
600 122.3 ± 10   
300 48.6 ± 1.8 31 
200 51.8 ± 2.7 27 
150 32.7 ± 2.0 18 
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Figure 3. Cell alignment of osteoblast-like cells to grooved substrates (overlay fluorescence 
and SEM image). Cells were stained for F-actin (red) and the nucleus (DAPI): a. with a width of 
150 nm (120 nm depth) and b. a width of 50 nm (17 nm depth) c. A Box-Whisker plot showing 
the cellular alignment to the nanogrooves (a median of 45o is random orientation). The median 
is marked in the box and the box-corners indicate the 25th to 75th percentiles. Note that cells 
start to align to nanopatterns from a minimal groove width of 75 nm (33 nm depth). The overall 
median orientation is 10o (dotted line). Asterisks represent the LIL-derived substrates. d. Scat-
ter plot of percentage of osteoblasts on the grooved patterns that are higher than the average 
median of 10o. The trend analysis demonstrates a groove dependent decrease of cellular orien-
tation (R2 of trendline is 0.93). The regions between the red lines are indicating the pattern 
sizes that are considered equivalent in size to the ECM. 
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3.2. Cellular orientation 
The studied groove/ ridge patterns had an evident effect on osteoblast morphology, 
and were found to induce alignment of the osteoblast cell shape and internal F-actin 
filaments (Figure 3a). On textures with sizes equivalent to the natural bone ECM (i.e. 
a groove width of 150nm to 75nm and depth down to 33 nm; region between red lines 
in Figure 3c) a clear interaction between the grooves and cells resulting in alignment 
was found, while on dimensions with a width of 50 nm and a 17 nm depth or smaller 
(Figure 3b) cells did spread randomly. An analysis of the alignment is shown quantita-
tively in a Box-Whisker plot (Figure 3c). Alignment of osteoblasts on the LIL-derived 
substrates was similar to the corresponding biochip dimensions (Figure 3c, asterisks). 
A trend analysis of deviation of osteoblast alignment from the average median of all 
data (10
o
, red line in Figure 3c) in Figure 3d showed that: 1) cells aligned to sub mi-
crometer grooves, and 2) osteoblast alignment gradually decreased with decreasing 
groove widths (p-value < 0.01). This phenomenon was persistent down to a groove 
width of 75 nm and depth of 33 nm. Below this point cells did not morphologically rec-
ognize surface topography anymore. This dimension can therefore be considered a 
threshold point for morphological nanopattern recognition by osteoblasts. 
 3.3. Focal adhesions 
It was observed that focal adhesions were mainly oriented to the groove direction 
on groove widths down to 150 nm (and 120 nm depth) (Figure 4a, b), whereas focal 
adhesions were oriented randomly on surfaces with a groove width of less than 50 nm 
Figure 4. Immunofluorescence micrograph of osteoblast-like cells cultured on nanogrooved substrates. 
Focal adhesions (α-vinculin, green) on a groove width of a. 500 nm (153 nm depth) were mostly aligned 
with the groove direction, whereas alignment of focal adhesions to a groove width of b. 150 nm (120 nm 
depth) had diminished and was random on a groove width of c. 50 nm (17 nm depth). d. shows an overlay 
of a fluorescent micrograph with a light micrograph. α-Vinculin staining on a width of 300 nm (158 nm 
depth) shows that focal adhesions mainly reside on top of the ridges. Green: vinculin; red: F-actin; blue: 
nuclei. Bars: 10 µm. 
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(and depth of 17 nm) (Figure 4c). In agreement with cellular alignment, a decreasing 
groove pitch resulted in decreased focal adhesion alignment (Figure 4b). Higher mag-
nification imaging revealed that the aligned focal adhesions tended to reside on top of 
the ridges (Figure 4d). 
 
Figure 5. TEM images of osteoblast-like cells cultured for 12 (a, b) or 16 days (c) on grooved 
substrates with groove widths of respectively a. 75 nm (33 nm depth), b. 150 nm (49 nm depth) 
and c. 300 nm (122 nm depth). An electron dense area is formed in the interface between cells 
and substrate (asterisks in a. and c.). In the intercellular regions a mineralized ECM is formed 
by the presence of CaP (arrowheads) and collagen-I (arrows). In b. is shown that osteoblast-
like cell bodies descend into 150 nm wide grooves. d. Elemental analysis in the interface 
(asterisks in a, c) shows that the electron dense area is indeed mineralized ECM, i.e. rich in 
calcium and phosphate (phosphor). C: Cell body. Scale bars represent 1 µm. 
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3.4. Transmission and Scanning electron microscopy 
TEM images demonstrated that cells descended into grooves (Figure 5b). The 
electron dense material deposited in between the grooves at the interface between 
cells and substrate surface (asterisks in Figure 5a and c) was analyzed with energy 
dispersive X-ray analysis (EDX) and confirmed to be calcium and phosphorous 
(asterisks in Figure 5, EDX in Figure 5d). Additional electron dense areas 
(arrowheads in Figure 5) as seen in TEM were found to consist of CaP and proteins 
(mainly collagen, arrows in Figure 5) which corresponds to the formation of an ex-
tracellular mineralized matrix. Comparison of TEM sections at 12 and 16 days demon-
strated that cell bodies in time are gradually driven away from the interface by a min-
eralized ECM; after 12 days of culture, osteoblasts resided inside the nanogrooves 
and only a small amount of CaP was shown to be deposited on the bottom of the 
grooves below the cells (Figure 5b). However, after 16 days the interface consisted of 
a thick extracellular mineralized matrix layer produced by osteoblasts covering the 
ridges (Figure 5c).  
Further SEM analysis demonstrated that the CaP was deposited in an aligned 
mode after 8 days of culture (Figure 6). Strikingly, whereas osteoblasts did not align 
to a groove width below 75 nm (and 33 nm depth), CaP deposition aligned even down 
to a groove width of 50 nm (and 17 nm depth) (Figure 6b). 
Figure 6. SEM images of osteoblast-like cells cultured for 8 days on grooved substrates. Os-
teoblast-like cells on a groove width of a. 500 nm (153 nm) deposited CaP in an aligned fashion 
at the interface between cells and the substrate. Aligned CaP deposition at the interface was 
also observed at a groove width of b. 50 nm (17 nm depth). 
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3.5. Real-time quantitative PCR analysis 
The genes studied in the real-time quantitative (Q)PCR were coding for the four 
bone differentiation markers, (i.e. alkaline phosphatase (ALP), osteocalcin (OCN), 
bone sialoprotein (BSP) and the Cbfa1/Runx2 transcription factor (Cbfa1)), the major 
ECM protein collagen type-I (Col-I) as well as the a-1 and b-1 chains of the integrins, 
which are responsible for cell-substrate adhesion of cells. Relative gene expression 
was normalized to the household β-actin gene expression. 
The expression of the tested genes was measured relative to smooth controls at 
three different time points (t = 1, 3 and 6 days) on three different groove pitches (p = 
1000 nm, 3000 nm and 150 nm) for cells obtained from three different rats is shown in 
Table S1. The results demonstrated large differences in response to grooved relative 
to smooth substrates between the individual rats. Statistical analysis confirmed these 
differences (two-way Anova, p<0.05, except for integrin-1b). However, data also dem-
onstrated a clear pattern favoring the grooved substrates (Figure 7a). In order to con-
firm this pattern, a ranking analysis was performed on the expression of the osteoblast 
Figure 7. Influence of surface topography on gene expression. a. Effects of the groove dimen-
sions on gene expression of ALP, OCN, BSP, Col-I, Cbfa1 and the Int α-1 and β-1 by os-
teoblast-like cells relative to the smooth substrate. Data are expressed as 2-ΔΔCt and range, 
n=3. Values were normalized to b-actin and relative to smooth substrates. Asterisks: significant 
difference (p < 0.05). b. Cumulative ranking of osteoblast-specific genes (ALP, OCN, BSP, Col-
I and Cbfa1) expressed at three time points (day 1, 3 and 6). The difference in expression of 
each gene between the four substrates was ranked 1 (lowest expression) to 4 (highest expres-
sion) for each time point. The column heights represent the osteoblast-specific gene expression 
relative to the other groove dimensions. 
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specific markers (ALP, OCN, BSP, Col-I and Cbfa1) between the four surfaces at 
three time points (Figure 7b). The analysis confirmed that expression of osteoblast-
specific genes at day three and day six were increased on the grooved substrates 
compared to the smooth control (Friedman-test, p<0.05). Moreover, the analysis indi-
cated that a 500nm groove width (158nm depth) was more inductive for osteoblast 
differentiation than 150 and 75nm widths (49nm and 33nm) respectively. 
4. Discussion 
The aim of this study was to understand the morphological and differentiation re-
sponse of osteoblasts to nanogrooved substrates. In order to achieve this, osteoblast 
response to these grooves was first assessed by performing an alignment analysis. 
The current study shows that osteoblasts are responsive to grooves with a nanoscale 
in all dimensions (groove and ridge width and depth). Zhu et al. [21] and more re-
cently, Yang et al. [20] reported that bone cells aligned to nanogrooves down to re-
spectively 150 nm width and 70 nm in depth or 90 nm width and 300 nm in depth. 
However, in both studies the actual groove spacing or depth were sub-micrometer and 
thus not very representative of the natural bone ECM [6]. In the current study, grooved 
substrates were used which in all dimensions were nanometric, including substrates in 
the range of natural bone ECM (75 nm groove width and 33 nm depth), to determine 
the response of osteoblasts in terms of alignment and morphology. Osteoblast re-
sponse to nanopatterns was first screened using the “biochip”. From the results of this 
study, interesting groove dimensions were determined and nanogrooved substrates 
with a large area were created using laser interference lithography (LIL) and subse-
quent reactive ion etching (RIE). The major advantage of LIL over other techniques 
like electron beam lithography and ion beam lithography is the high patterning speed 
and significantly greater area [29, 34]. This step is necessary as only upscaling of pro-
duction techniques will enable the production of actual orthopedic and dental implants, 
and later in vivo validation of the current experimental results. 
The results from investigations on the cell and cell-substrate interface demonstrate 
that osteoblast-like cells align to grooves approximating the natural extracellular bone 
matrix. In this context, focal adhesions are important for the specific recognition and 
response to the patterns as already described for micrometer ridges [35]. Focal adhe-
sions are associated with the tips of actin filaments, serve to adhere the cell to the 
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ECM proteins and are able to sense the surrounding of the cell [36]. As early as 1979, 
Ohara and Buck [37] hypothesized that cells cannot align to surface features if focal 
adhesions cannot sense grooves with an excessive pitch (which is the sum of groove 
width and ridge width). The results presented in the current study demonstrated that 
both focal adhesion and cellular alignment decreased similarly with a decreasing 
groove pitch. Corroborating with the Ohara and Buck theory, these findings implicate 
that cells cannot align to grooves with a too small pitch because the patterns are not 
recognized by their focal adhesions.  
Scanning and transmission EM studies demonstrated that the ECM mineral CaP is 
deposited in between the grooves by osteoblasts in an aligned fashion. This finding 
corroborates with the in vivo situation, where hydroxyapatite crystals deposited by os-
teoblasts are embedded in the spaces between highly organized collagen-I fibrils of 
similar dimensions as the grooves [6]. Possibly the osteoblasts recognize the 
nanogrooved substrate as a natural ECM environment and respond accordingly by the 
production of an organized ECM. Accordingly, a standardized nano-structured implant 
surface topography can be important for the formation of an organized bone ECM with 
high strength starting at the interface between the implant surface and bone tissue.  In 
vivo studies are needed to validate whether indeed such an organized extracellular 
bone matrix is formed. 
Alternatively, nanogrooved substrates can serve as a model system in vitro for ob-
taining a better fundamental insight into the initial osteoblasts response to the natural 
ECM. Recently, Pouget et  al. [4] demonstrated that calcium carbonate crystals with a 
critical size of 70 nm are formed under the control of a negatively charged template. In 
accordance with this study, nanogrooves might serve as a template (nucleation points) 
to study structured calcium phosphate mineralization. TEM observations in the current 
study demonstrated that the amount of CaP deposited by the osteoblasts in between 
the grooves is increasing. However, the nucleation state of these CaP particles at 
these and later time points still has to be determined. 
Further, the results demonstrated that osteoblast gene expression was highly influ-
enced by individual rat differences. Several studies already demonstrated the advanta-
geous influence of aspecific surface nano-roughness on osteoblast-like gene expres-
sion [38-41]. The rank analysis on the gene expression confirmed that a statistically 
significant upregulation also exists for the ordered nanotextures. Grooved surfaces, 
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and in particular 500nm wide grooves, are advantageous for osteoblast differentiation. 
Ponader et al.[39] and Yang et al.[41] demonstrated that gene expression on rough 
substrates relative to polished controls decreased from day three to seven during incu-
bation. In agreement with these studies, the nanogrooved substrates seem to be spe-
cifically effective in the very first days of osteoblast-specific gene expression, which 
suggests that nanotextures can steer initial osteoblast differentiation. 
5. Conclusion 
In summary, this study proved by using several microscopic techniques and single 
cell Q-PCR that nanogrooves have a profound influence on osteoblast behavior. Os-
teoblasts are responsive to nanopatterns down to 75 nm in width and 33 nm in depth. 
Nanotexture-driven mineral deposition is induced and responsive to even smaller 
nanopatterns of 50 nm in width and 17 nm in depth. In addition, gene expression of 
osteoblast specific markers (ALP, OCN, BSP, ColI and Cbfa1) is upregulated by 
nanogrooves. The results indicate that nanogrooves can be a very promising tool to 
direct the bone response at the interface between an implant and the bone tissue, 
which can benefit the installation of implants in compromised patients. 
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1. Introduction 
In the development of new implantable biomedical materials, several important 
surface characteristics are currently widely studied, including coating with biochemical 
signaling molecules [1], wettability [2], composition [3, 4], stiffness [5] and topography 
[6, 7]. The latter, surface topography of implantable biomaterials is especially critical to 
guide cellular behavior like adhesion, spreading and cell movement. In this context 
(directional) migration and correct positioning of cells on biomaterials are regarded as 
being very important for promoting wound healing and tissue regeneration. In order to 
achieve control over these phenomena, previous research has focused on the behav-
ior of cells on substrates provided with organized micron scale topographies, which 
demonstrated that cellular morphology and migration behavior could be governed by 
such cues [8-10]. However, the direct natural environment of a living cell is not (only) 
organized at the micrometer level, but mainly at the nanometric scale. For example, 
bone tissue contains an organized array of collagen type-I fibrils with interfibrillar spac-
ings of 68 nm and 35 nm depth [11]. 
Mimicking nanometric biological surface characteristics in a biomaterial surface is 
a powerful tool to study and manipulate cellular responses. Dalby et al. and Biggs et 
al. studied nanopits and demonstrated that cellular adhesion and spreading de-
creased, whereas differentiation towards an osteoblastic cell phenotype was promoted 
[12-14]. In addition to nanopits, several studies  demonstrated that nanometric groove-
like structures controlled cellular morphology by inducing alignment to grooves [15-
19]. Moreover, cell differentiation characteristics can actively be induced by surface 
nanotopography [20]. Although several authors have already studied nanoscale sur-
face features, these were usually spaced in microscale inter distances [21, 22]. Thus, 
the exact mechanisms by which nanotextures can control cellular behavior are thus 
far not well understood. In addition, it is unknown how cells are able to recognize and 
respond to certain surface patterns, whereas a directed response appears to be ab-
sent on other pattern types. Still it is generally accepted that focal adhesions (FAs), 
protein complexes linking the extracellular matrix environment to the intracellular actin 
cytoskeleton, and adhesive proteins (e.g. integrins) are involved in the process of pat-
tern recognition [23]. 
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Immediately after contact of a substrate with cell culture medium, proteins (most 
importantly fibronectin and vitronectin in serum) start to adhere to the surface [24, 25]. 
Specific binding sites in these proteins (the best known being the RGD peptide se-
quence) are recognized by integrin heterodimers on the cell membrane. The integrins 
then are assembled in FA complexes of 2-10 µm long and 0.5-1 µm width and are 
coupled to filamentous (F)-actin via linker proteins (e.g. vinculin, paxillin) [23, 26-29]. 
FAs are formed during initial cell adhesion and thereafter constantly assembled and 
disassembled during cell movement [30]. In addition, FAs serve as mechanosensors 
recognizing both biochemical and biophysical characteristics, like surface topography 
and ligand spacing [1, 31]. Maturation of FAs is essential for the establishment of a 
firm adhesion to a surface and the maintenance of an optimal distance of around 70 
nm between activated integrin couples is crucial to induce their clustering [1, 32, 33]. 
Upon maturation of FA-complexes, signals are transduced by outside-in and inside-
out signaling. Regulation of signaling pathways leads to the control of transcription 
factors. These transcription factors can, depending on other extracellular signals, acti-
vate a cascade of cellular processes, like proliferation, differentiation but also apop-
tosis [34]. 
A better understanding of how cells and FAs are affected by specific surface topog-
raphical characteristics can support the design and optimization of biomaterials. We 
hypothesized that individual surface parameters can control osteoblast behavior differ-
ently; osteoblast morphology is controlled by pattern shape and dimensions, whereas 
motility is controlled by pattern spacing and FA organization. In the current study a 
polystyrene (PS) “Biochip” was used, containing 40 different fields consisting of 
nanometric surface patterns in order to gain more knowledge on the role of specific 
nanoscale topographical features on osteoblast morphological behavior [15, 35, 36]. 
Each field occupied an area of 500x500 µm
2
. Initial osteoblast adhesion, morphology 
and motility were analyzed in relation to the role of individual surface parameters, i.e. 
pattern depth and width (a range of pattern dimensions on either deep or shallow sub-
strates), shape (i.e. (an)isotropy) and pattern spacing (three different ridge-to-grooves 
ratios, i.e. 1:3, 1:1 and 3:1) using this biochip. 
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2. Materials and Methods 
2.1. Substrates 
A silicon template containing 40 different nanometric patterns was generated using 
electron beam lithography (EBL) employing Hydrogen Silsesquioxane resist, as de-
scribed by van Delft et al [35, 36]. The field patterns consisted of 500 x 500 μm2 areas, 
containing squares and line patterns with ridge to groove (R:G) ratios of 1:1, 1:3 and 
3:1 (Table 1). For obtaining an increased pattern depth, the shallow EBL substrates 
(non-RIE in Table 1) were used as a mask for standard reactive ion etching (RIE in 
Table 1). The templates were used to produce polystyrene (PS; Acros, Geel, Belgium) 
biochips for cell culture [37]. 
For the production of the PS replicas, 0.5 g PS was dissolved in 3 mL chloroform 
and stirred gently overnight. The PS solution was casted onto the silicon wafers and 
the chloroform was evaporated overnight. The PS substrates were removed from the 
wafers and 2.0 cm diameter PS rings were glued to substrates using a small amount 
of casting solution to create cell culture dishes. As a control for cellular orientation 
smooth substrates were used. All substrates were treated by radiofrequency glow-
discharge (RFGD; Harrick, Ossining, USA) for 5 minutes at 10
-2
 mbar for sterilization 
and to enhance cell adhesion by improving the wettability of the substrate. 
2.2. Atomic force microscopy (AFM) 
After production and sterilization, AFM (Dimension 3100, Veeco, Santa Barbara, 
CA) with Nanoscope imaging software (version 6.13r1, Veeco) was used to confirm 
surface topography. Tapping in ambient air was performed with 118 μm long silicon 
cantilevers (NW-AR5T-NCHR, NanoWorld AG, Wetzlar, Germany) with average nomi-
nal resonant frequencies of 317 kHz and average nominal spring constants of 30 N m
-
1
. This type of AFM probe has a high aspect ratio (7:1) portion of the tip with a nominal 
length of >2 μm and a half-cone angle of <5°. Nominal radius of curvature of the AFM 
probe tip was less than 10 nm. Height images of each field/sample were captured in 
ambient air at 50% humidity at a tapping frequency of 266.4 kHz. The analyzed field 
was scanned at a rate of 0.5 Hz and 512 scanning lines. 
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2.3. Osteoblast-like cell culture 
Rat bone marrow (RBM) cells were obtained from femurs of 40-43 day old male 
Wistar WU rats (local approval #RU-DEC 2008199). The femurs were washed three 
times in alpha Minimal Essential Medium ( MEM; Gibco, Invitrogen Corp., Paisley, 
Scotland) with 0.5 mg/mL gentamycin and 3  g/mL fungizone. The epiphyses were 
removed and the diaphyses were flushed for RBM isolation with 10 mL osteogenic 
differentiation medium containing  MEM with 10% fetal calf serum (Gibco), 50  g/mL 
ascorbic acid (Sigma-Aldrich, Zwijndrecht, the Netherlands), 10 mM Na-β-
glycerophosphate (Sigma), 10
-8 
M dexametasone (Sigma) and 50  g/ mL gentamycin 
(Gibco). 
RBM cells of two femurs were incubated in differentiation medium in three 75 cm
2
 
culture flasks (Greiner BioOne, Alphen aan de Rijn, the Netherlands), in a humidified 
atmosphere of 95% air and 5% CO2 at 37  C. After one day medium was refreshed to 
remove non-adherent cells. After 7 days of primary culture, cells were detached with 
trypsin/EDTA (0.25% w/v trypsin / 0.02 mM EDTA). The cells were concentrated by 
centrifugation at 1500 rpm for 5 minutes and resuspended in 10ml medium. The total 
cell number was determined with a Coulter
®
 Counter (Coulter Electronics, Luton, UK) 
and 10
4
 cells/cm
2
 were seeded onto the substrates. 
2.4. Immunofluorescence and quantitative cell measurements 
Osteoblasts were cultured for 4 and 24 h, washed in PBS, fixed for 10 minutes in 
3% paraformaldehyde (PFA; Fluka, Sigma-Aldrich and 0.02% glutaraldehyde (Acros) 
in PBS, permeabilized in 1% Triton X100 (Koch, Colebrook, England) in PBS for 5 
minutes and incubated with PBS containing 5% BSA (Sigma) for 30 minutes to block 
aspecific epitopes. Vinculin staining was performed overnight with mouse monoclonal 
primary antibodies (1:1000; Sigma) in PBS containing 1% BSA and 0.1% Tween-20, 
followed by goat anti-mouse secondary antibody Alexa-fluor 488 conjugated IgG 
(1:200; Molecular Probes, Invitrogen Corp., Paisley, UK), Alexa-fluor 568 conjugated 
phalloidin for filamentous actin fluorescence (1:200; Molecular probes, Invitrogen) and 
DAPI staining for nucleic UV-visualization (1:2500) diluted in PBS containing 1% BSA 
and 0.1% Tween-20 (Merck, Schuchardt, Germany) for 2 hours at room temperature. 
Samples were examined using an Olympus FV1000 confocal laser scanning micro-
scope with a 40x water immersion objective (CLSM, Olympus, Center Valley, USA). 
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Orientation of osteoblasts on nanopatterns was examined by analyzing over 100 
cells per substrate and determining their angle relative to the groove or horizontal 
square direction. The elongation factor (EF) was defined as the length of the longest 
cell axis divided by the maximal length perpendicular to this long axis. The cell area 
was measured by creating binary images and measuring the total surface area 
(Figure 2). Analysis of FA was performed by measuring 20 cells per substrate and 
determining length of all FA present. All measurements were performed using ImageJ 
software (Image J, National Institute of Health, La Jolla, USA). Statistical analysis was 
performed by performing either an unpaired t-test (elongation and FA-length) or a non-
parametric Wilcoxon signed rank test (orientation and area). Statistical analysis was 
performed using SPSS for Windows (SPSS14.0, Chicago, USA).  
2.5. Time-lapse imaging 
Time-lapse imaging of migrating cells was performed for 24 h in a Microscope 
Stage Incubator (Oko-Lab, Italy), ensuring optimal culture conditions, using a Nikon 
DiaPhot microscope equipped with a Hamamatsu C8484-05G digital camera. Cells 
were cultured on the RIE-biochips and imaged with a 10x objective every 10 minutes 
using TimeLapse Software (Oko-Lab), version 2.7. From the resulting time-lapse mov-
ies, cell motility was analyzed by tracking the migration paths of individual cells, taking 
the nuclei as a reference. For each nanopattern dimension at least 35 cells were 
tracked. After cell division one daughter cell was followed. The motility (total migrated 
track distance; T) and the straight displacement (D, distance from start to end point) 
Figure 1. Overview of methods to measure cellular morphological characteristics. a. Orientation 
was examined by determining the angle (α) between the long cell axis relative to the groove or 
horizontal square direction. b. The elongation factor (EF) was calculated as the length (L) of the 
long cell axis divided by the maximal length perpendicular to this long axis. c. Cell area was 
measured by creating binary images and measuring the total surface area. All measurements 
were performed using ImageJ software. 
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were measured. Directionality of cell movements was measured as the D/T ratio. 
Measurements were performed using ImageJ software with the MTrackJ plugin. 
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3. Results 
3.1. Nanopatterned substrates 
Both RFGD treated polystyrene biochips (RIE and non-RIE) containing 40 different 
fields of nanopatterns consisting of squares, and grooves with different spacings 
(Table 1) were routinely checked on the quality of replication by means of AFM and 
SEM (Figure 2). Nanopatterns with a pitch smaller than 80 nm (i.e. the sum of groove 
and ridge width) appeared to be too small for an accurate replication process and 
were therefore excluded from further analysis. 
3.2. Osteoblast elongation 
After 4 hours of culture on the smooth control, osteoblasts were only marginally 
elongated (Elongation Factor, EF = 1.4±0.11). After 24 hours of culture on smooth 
substrates, cells had spread more and were significantly more elongated (EF = 
1.9±0.17, P<0.05).  
Figure 2. Polystyrene Biochips are produced from a silicon template and used for biological 
analyses. a. Using polystyrene solvent casting replicas were created containing 40 different 
field patterns. The b. silicon mould and c, d. polystyrene replicas were routinely checked with 
AFM and high resolution SEM. e. Polystyrene replicas were finally used for biological analyses. 
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Staining of osteoblasts cultured on isotropic nanosquares revealed that morphol-
ogy was similarly influenced as osteoblasts cultured on the smooth control; cells did 
not appear to be elongated in a specific direction (Figure 3). Elongation measure-
ments confirmed these observations, as the EF was similar to the smooth control up to 
400 nm spacing. On a spacing of 600 nm cells were significantly more elongated (EF 
= 2.2±0.25; P<0.05; data not shown). 
Depending on the pitch (i.e. sum of groove and ridge width), osteoblasts cultured 
on anisotropic nanogrooved substrates were clearly more elongated than on the 
smooth substrate and also were oriented into the groove direction. Measurements 
demonstrated that osteoblast elongation was dependent on three groove parameters, 
i.e. spacing, depth and width. At 4 hours, osteoblast elongation on a R:G of 1:3 and 
Figure 3. Osteoblast morphology is influenced by nanogrooves. Stained images of osteoblasts 
cultured on nanopatterns with a pitch of 200 nm after culturing for 24 hours. Osteoblasts cul-
tured on a. smooth control; b. nanosquares; c. R:G 1:3 and depth of 30.6 nm; d. R:G 1:3 and 
depth of 77.4 nm; e. R:G 1:1 and depth of 77.4 nm, and f. R:G 3:1 and depth of 77.4 nm. Red: 
filamentous actin. Blue: nuclei. 
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1:1 was significantly increased on grooves down to a pitch of 300 nm (EF = 1.7±0.15 
and 1.8±0.2 respectively), whereas on a R:G of 3:1 only a significantly increased re-
sponse was observed down to a pitch of 1000 nm (EF = 1.5±0.1; Figure 4a). At 24 
hours, a similar trend was observed, as osteoblasts were most responsive to grooves 
with a R:G of 1:3 and 1:1 and cells were less responsive to a R:G of 3:1. Maximal 
elongation was observed for cells cultured on a pattern with a R:G of 1:1 and 400 nm 
pitch (EF = 3.5±0.6).  
A sufficient pattern depth appeared to be an important factor for osteoblast elonga-
tion (Figure 4b,c). Cells were significantly elongated on grooves down to a minimal 
pitch of 200 nm when the depth was >77.4 nm. When pattern depth was reduced, os-
teoblasts significantly elongated down to a minimal pitch of 400 nm, with a depth of 
34.6 nm albeit to a lesser extent.  
The different response of osteoblasts to pattern spacing could be explained by the 
groove width (Figure 4b). Osteoblasts cultured on grooves with a R:G of 3:1 were sig-
nificantly elongated down to a minimal groove width of 75 nm (225 nm ridge width; EF 
= 2.3±0.3), on a R:G of 1:1 osteoblasts were elongated down to 100 nm groove width 
(100 nm ridge width; EF = 2.2±0.2) and on a R:G of 1:3 cells were elongated down to 
a groove width of 125 nm (75 nm ridge width; EF = 2.8±0.4). 
3.3. Osteoblast orientation 
Since the data from the analysis by definition are skewed a box-whisker plot was 
drawn which shows the median (line in the box), 1
st
 and 3
rd
 quartiles (box edges) and 
the 5
th
 and 95
th
 percentile (whiskers). Osteoblasts cultured on smooth substrates dis-
played a random orientation (median of ~45
o
; Figure 4), independent of culture 
time.As nanosquares are isotropic, and thus have two horizontal axes, osteoblasts 
can orient only at a maximum angle of 45
o
 relative to one of both horizontal axes 
(Figure 5). Hence osteoblast orientation was measured relative to the shortest axis, 
which always had a maximum of 45
o
. Use of this different measuring approach dem-
onstrated that osteoblasts were randomly orientated on the nanosquares with median 
orientations between 20 and 30
o
. 
In contrast, a highly aligned morphology of osteoblasts was induced by 
nanogrooves. The analysis demonstrated that alignment was even more dependent 
on the surface topographical parameters (spacing, pattern depth and width) than elon-
gation. At 4 hours, osteoblasts were most responsive to a R:G of 1:3 and 1:1 and sig-
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nificantly aligned to a groove pitch down to 200 nm relative to the smooth substrates, 
whereas on a R:G of 3:1 osteoblasts aligned to a pitch down to 300 nm (Wilcoxon 
signed rank test P<0.05, Figure 4d). The importance of the R:G became even more 
Figure 4. Osteoblast elongation and orientation are dependent on groove width and depth. Cell 
elongation was measured after a. 4 hours on deep substrates, b. 24 hours on deep substrates 
and c. 24 hours on shallow substrates. The red line indicates the mean elongation of cells on a 
smooth control. Error bar represents 95% confidence interval. * P<0.05 relative to smooth con-
trol. A Box-Whisker plot showing osteoblast alignment to nanogrooves. The median is marked 
in the box and the box-corners indicate the 25th to 75th percentiles; whiskers indicate the 5th and 
95th percentile. Orientation was measured after d. 4 hours on deep substrates, e. 24 hours on 
deep substrates, and f. 24 hours on shallow substrates. The dotted line indicates the median 
orientation of cells on a smooth control. * P<0.05 relative to smooth control. 
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evident at 24 hours. Osteoblasts cultured on a R:G of 1:3 displayed the highest sensi-
tivity, and significantly aligned to a pitch down to 100 nm. Cells cultured on a R:G of 
1:1 were responsive to a minimal pitch of 160 nm. Osteoblasts were least responsive 
to a R:G of 3:1; cells aligned down to a pitch of 300 nm (Figure 4e). The differences in 
sensitivity to pattern spacings are a result of the groove width. On all three R:G ratio’s, 
cells aligned to a minimal groove width of 75 nm, irrespective of ridge width, indicating 
that this dimension is a clear threshold for specific pattern recognition. 
The importance of pattern depth was more pronounced on osteoblast alignment 
than on elongation as demonstrated by the graphs in Figure 4e and f. Osteoblasts 
cultured on the non-reactive ion etched (RIE) patterns with decreased depth were 
most responsive to a R:G of 1:1 (Figure 4f). Cells aligned to a pitch of 300 nm with a 
width of 33.8 nm. Osteoblasts were less responsive to a R:G of 1:3 and 3:1; cells 
aligned to a groove width down to 400 nm with a depth of 34.6 nm. Surprisingly how-
ever, osteoblasts cultured on the RIE biochip and a R:G of 1:3 did align to a pitch of 
100 nm with a depth of 32.4 nm (Figure 4e). 
Figure 5. Osteoblasts orient randomly on nanosquares. Osteoblast orientation on nanosquares 
was measured. Due to the isotropy, osteoblasts can orient parallel to the pattern in two direc-
tions (x1 and x2). Therefore, orientation of osteoblasts was measured as the shortest angle 
from one of two axes and maximal orientation angle was 45o. 
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3.4. Osteoblast area 
On smooth substrates, the median osteoblast area was 391 µm (Figure 6). Os-
teoblast area appeared not to be decreased by the squares nor nanogrooves on all 
tested R:G ratios, pitches and depths, indicating that elongation effects are not ex-
plained by an overall increase in cell spreading. 
3.5. Focal adhesions 
To determine the influence of nanopattern dimensions on osteoblast adhesion in 
more detail, FAs were analyzed (after 24 hours of culture only) on the nanopatterned 
RIE biochip (Figure 7). On the smooth control, cells displayed an average FA length 
of 5.1±0.3 µm. Osteoblasts cultured on the nanopatterns demonstrated that an in-
crease of the pattern size resulted in a significantly decreased FA length (t-test, 
P<0.05). The smallest FAs were observed on patterns with a R:G of 1:3; FAs on all 
studied pitches were significantly smaller than on the smooth control. Cells cultured on 
a R:G of 1:1 displayed the longest FAs; a significant difference with the smooth control 
was observed from a minimal groove pitch of 400 nm. The influence of nanopatterns 
on the amount of FAs in each cell was also determined, but there were no differences 
(data not shown). 
 
 
Figure 6. Nanopatterns do not affect 
osteoblast cell area. Average os-
teoblast area on high nanopatterns 
after 24 hours of culture. Red line: me-
dian area of osteoblasts cultured on 
smooth substrates. No significant differ-
ences were observed between the vari-
ous substrates. 
82 
 
3.6. Osteoblast motility 
For measurements of motility (T), displacement (D) and directionality (i.e. D/T), mo-
tility plots were created (Figure 8 a-d) [38]. These motility plots demonstrated that, in 
contrast to osteoblast alignment on grooves, the orientation of cell movement was ran-
dom on all studied grooved substrates. 
After initial adhesion and spreading on smooth substrates, osteoblast motility 
(251±51 µm) as well as displacement remained low over 24 hours at an average 
speed of 0.17±0.04 µm/min (Movie 1 and Table 2). Osteoblast directionality was 0.22 
of all cell movements (Figure 8 e,f). Movies can be observed on http://
www.ecmjournal.org/journal/papers/vol020/vol020a27.php. 
Osteoblast motility was influenced by several topographical factors like pattern 
shape, pattern spacing and width (Movies 2,3; grooves are in horizontal direction). 
Whereas osteoblast morphology was barely affected by the isotropic nanosquares, 
these patterns greatly increased motility; on a pattern spacing of 400 nm the highest 
motility was observed (574±79 µm). The average motility of osteoblasts on 400 nm 
spaced nanosquares was significantly increased not only relative to the smooth con-
trol (P<0.05), but also relative to grooves with a R:G of 1:1 (428±82 µm) and 3:1 
Figure 7. Focal adhesion length is influenced by nanopatterns. Immunofluorescence stainings 
of osteoblasts cultured on nanopatterned substrates with a 300 nm pitch. a. R:G of 1:3; b. R:G 
of 1:1; c. R:G of 3:1 and d. squares. Green: vinculin; red: F-actin; blue: nuclei. Bar: 20 µm. 
Inset are magnified images of focal adhesions. e. FA-length was measured after 24 hours. 
Red line indicates the mean FA length on a smooth control. * P<0.05 relative to smooth con-
trol. 
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(405±69 µm; P<0.05). Displacement of cells on the other hand was only marginally 
increased and this resulted in a decreased directionality compared to the smooth con-
trol. Osteoblast motility on nanosquares was increased down to a pattern spacing of 
160 nm (415±69). Displacement on this pattern was not significantly increased relative 
to the smooth control. 
In addition to surface isotropy, groove spacing (R:G)  and width greatly affected 
osteoblast motility. Whereas maximum motility was observed on a 400 nm pitch for all 
three ratios, osteoblasts were significantly more motile on a R:G of 1:3 (658±75 µm) 
compared to a R:G of 1:1 and 3:1. This phenomenon was persistent down to a pitch of 
200 nm (Figure 8e). Relative to the smooth control, osteoblast motility on a R:G of 1:3 
was increased down to a pitch of 100 nm (325±51 µm). The displacement on the other 
hand remained relatively low and hence cells cultured on a R:G of 1:3 had a lower di-
rectionality than cells cultured on smooth control. Osteoblasts cultured on a R:G of 1:1 
Figure 8.  Osteoblast motility is altered by increasing surface topography and pattern dimen-
sions. Motility plots of osteoblasts cultured for 24 hours on a a. R:G of 1:3 and 600 nm pitch; b. 
squares and 600 nm pitch; c. R:G 1:3 and 200 nm pitch; d. squares and 200 nm pitch. e. Total 
motility of osteoblasts on nanopatterns in 24 hours. f. Displacement of osteoblasts on nanopat-
terns. Error bars represent 95% confidence interval. * P<0.05 relative to smooth control. Red 
line: average motility or displacement of osteoblasts cultured on a smooth control. 
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and 3:1 moved in a similar speed on all studied pitch dimensions. An increased os-
teoblast motility on a R:G of 1:1 was persistent down to 200 nm pitch, whereas it per-
sisted down to 160 nm on a R:G of 3:1. Displacement and directionality on these 
groove ratios were decreased relative to the smooth control. 
4. Discussion 
In the current study we aimed to get insight in how osteoblast morphology and mo-
tility are controlled by nanoscale surface features like (an)isotropy, spacing (R:G) and 
depth using a biochip with an array of nanoscale squares and groove patterns differing 
in depth, width, spacing and ridge-groove ratio. By the use of such a biochip, a wide 
range of specific nanoscale topographical factors on cell behavior can be studied in a 
high throughput screening method. In order to obtain a high amount of biochips, as 
were needed in the study, polystyrene replicas were created by solvent casting. The 
patterns on the biochip were highly reproducible into polystyrene down to a pitch of 80 
nm as demonstrated by AFM and SEM. As stated by van Delft et al. [35], most likely 
the diffusion limitation in the smallest grooves during RIE resulted in shallower depths 
and more concave grooves. Additionally, the capillary forces of the smallest patterns 
could also affect reproduction accuracy by PS solvent casting. 
The data demonstrate that osteoblast morphology and motility can be specifically 
controlled by nanoscale surface features, like depth, width, isotropy and spacing. By 
observation of osteoblasts using fluorescence microscopy, isotropic nanotopography 
appeared to have only a little influence on the overall osteoblast shape. Detailed SEM 
observation by [39, 40] showed that cells on isotropic nanoscale topography still ex-
hibit unique features. Fluorescence microscopical evaluation of anisotropic 
nanogrooves on the other hand, affected morphology to much greater extent. Al-
though by nature cells in culture are elongated (i.e. EF of 1.5 of cells on a smooth con-
trol), when cultured on grooves elongation is increased in conjunction to the align-
ment. In line with several other studies, depending on groove width, depth and spac-
ing cells became highly elongated and aligned into the groove direction [21, 41, 42]. 
The alignment of cells to grooves is possibly dependent on the tyrosine phosphoryla-
tion of actin binding proteins as previously shown by Wójciak-Stothard et al. [43]. Still 
this study confirmed  that a threshold for cellular response to anisotropic substrates 
exists at a 75 nm groove width [44, 45]. Moreover, our study demonstrated that this 
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threshold value was irrespective of groove width. Unmistakably, cells were most re-
sponsive to grooves with a R:G of 1:3 over equal or reversed ridge-groove ratios indi-
cating the importance for the sufficient groove width. In addition, pattern depth greatly 
influenced osteoblast morphology, independent of spacing. In agreement with previ-
ous studies, a threshold for the response to pattern depth was found at ~34 nm [44, 
46]. The inability to respond to patterns with a depth less than 34 nm may be hypothe-
sized to be a result of clogging of the surface features in a protein rich environment. 
The adhesion of serum proteins from the medium, like fibronectin and vitronectin, 
cover the groove surface as well as the ridge surface thereby “smoothening” the sub-
strate by forming a ubiquitously adhesive surface for cells by which the nanopatterns 
are no longer recognized by integrins (as illustrated in Figure 9a) [47]. Although cells 
upon seeding produce ECM cell adhesion proteins, future studies in serum free media 
or integrin inhibition studies could be applied to study specific effects on such small 
patterns in more detail. 
In addition to cell morphology, time-lapse imaging analysis was used to analyze 
cell motility. The results demonstrated that although osteoblast morphology was not 
affected by isotropic nanosquares, motility was highly increased on such surfaces. 
Cell motility on grooves was, like morphology, highly dependent on groove width and 
space. Similar observations were also made by Wójciak-Stothard et al. [22], who dem-
onstrated that macrophage motility was increased by groove depths decreasing to the 
sub-micrometer range. On grooves with a R:G of 1:3 as well as on the squares, motil-
ity was significantly higher compared to grooves with a R:G of 1:1 and 3:1 with a maxi-
mum motility at a pitch of 400 nm. A possible explanation for differential cell behavior 
on various substrate textures might be that the micro-mechanic properties directly at 
the surface are altered [5]. However, the polystyrene used in our experiments is a rigid 
material [48]. Moreover, structural changes in the cells are recognized on different pat-
terns. Interestingly, FAs possessed the shortest length on both squares and grooves 
with a R:G of 1:3 and a pitch of 400 nm, suggesting that integrin cluster size, which 
results in FA binding strength, is decreased (Figure 9f-i). Coussen et al. demon-
strated that groups of only three integrin pairs are needed to form an activated cluster 
and establish adhesion [49]. An increase of integrin clusters will lead to enlarged FAs, 
increased FA maturation and adhesion strength. This will consequently lead to a de-
crease in motility. Previous studies already demonstrated that FA reside on top of the 
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ridges parallel to nanoscale grooves [18, 50]. From this knowledge, we hypothesize 
that for the formation of mature, long integrin clusters, which leads to FA maturation 
and thus cell adhesion on nanopatterns, either sufficient ridge width or groove width is 
essential. 
This hypothesis is confirmed by the results in the current study as well as other 
studies. First, motility data demonstrated that ridge width determines the rate of motil-
ity. The ridge width and thus the ability to form large clusters if the formation of mature 
FAs on a low R:G is limited (Figure 9h) and therefore cell motility will be higher com-
pared to a high R:G with a greater amount of possible adhesion spots (adhesive area) 
for integrins (Figure 9f,g). In addition, cells did not respond to a groove width of <75 
nm. This can be either a result of proteins covering the grooves (Figure 9a), or of the 
ability of cells to form large integrin clusters by adhering to multiple ridges with a criti-
cal distance of <75 nm as shown by the group of Spatz et al. [1, 32, 33]. In these stud-
ies, it was demonstrated that there is a maximal distance between integrin binding 
sites for integrin clustering (in a range of 50-70 nm) above which cells fail to develop 
mature FAs resulting from restrained integrin signaling. In this context, adjacent in-
tegrin pairs bridge grooves of ≤ 75 nm width and form clusters without “recognizing” 
the space between the grooves. On the other hand, integrin signaling on grooves >75 
nm is impaired because the space between two adjacent integrins is >75 nm, which 
results in a decreased integrin clustering, reduced FA maturation and increased motil-
ity as observed with time-lapse imaging (Figure 9b,d) [32, 51]. In order to establish 
adhesion, integrins residing parallel on the ridges form clusters to become activated. 
Consequently, cells become elongated and align parallel to the grooves [50]. On 
groove widths >500 nm cell motility decreased, although cells remained elongated and 
aligned parallel to the groove direction. At this point, grooves are wider than the mini-
mal FA width and possibly large integrin clusters can form inside the spaces, but with 
low efficiency (Figure 9c). Uttayarat et al. [52] demonstrated that FAs also reside in-
side grooves of sufficient width. Possibly, the 500 nm groove width as studied by them 
can be considered as a threshold for FA-sensing inside the grooves as the minimal FA 
width is approximately 500 nm [26]. 
In order to further confirm this hypothesis, additional experiments should be carried 
out, such as atomic force microscopy analysis to measure the  adhesion strength of 
cells on nanopatterns. FA maturation can be studied by  measuring phosphorylation of 
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proteins downstream in the outside-in signaling pathway like FAK or proteins in the 
mitogen activated protein kinase pathway (MAPK) [10, 53]). FAK is autophosphory-
lated upon integrin engagement to a target and activation by clustering of integrin 
pairs [54]. Activation of FAK results in activation of the MAPK pathway, which leads to 
the activation of transcription factors [34]. 
5. Conclusion 
In the current study, a high throughput “Biochip” was used to evaluate the role of 
different nanometer features, like (an)isotropy, pattern depth, width and spacing on 
(initial) cellular behavior by performing analyses on cell morphology, FAs as well as 
motility. From the study, it can be concluded that nanometer features tightly control 
osteoblast behavior. Osteoblast morphology is highly controlled by surface anisotropy 
and motility is specifically controlled by the ridge-to-groove ratio as osteoblasts are 
most motile on a R:G of 1:3 and a pitch of 400 nm. Isotropic nanosquares do not in-
duce morphological changes on osteoblasts, but they specifically enhance motility up 
to a maximum at a pattern spacing of 400 nm. The obtained knowledge can aid the 
further development of smart implant surfaces that control cell behavior. 
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Figure 9. Hypothesized models to explain the role of focal adhesions and matrix proteins in the 
response of osteoblasts to groove width and ridge-groove ratio.  a. FAs respond similar to 
grooves smaller than 75 nm wide as to smooth substrates (e); cell adhesion is firm and motility 
will be low. b. FAs on 150 nm wide grooves cross several ridges by which adhesive strength 
will decrease and motility will increase. c. FAs on grooves wider than 0.5 µm can descend into 
the grooves and this results, depending on the ridge width, in a firm adhesion and a decreasing 
motility. d. FAs of 0.5µm width reside on top of the ridges and cannot descend into grooves. 
Depending on the ridge width, motility will be high. f. An alternatively proposed model for b. The 
maximal distance between integrins for maturation and normal intracellular signaling is ≤75 nm. 
If the distances become greater (or if integrins cannot reach a target) signaling is impaired and 
cellular response will change. This results in an increased motility of the cells. g. On a high 
R:G, more integrins per FA can adhere to the substrate and this results in a increased adhesion 
strength and decreased motility. h. On a low R:G FA response will be severely decreased and 
this results in a high motility. i. On squares, cell motility is high de to the inability to form mature 
FA over the complete FA length. 
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1. Introduction 
The natural extracellular matrix (ECM) of living tissues is a complex system, highly 
organized at the macro-, micro- and nanoscale. Hence, cells are continuously sub-
jected to nanotopographical cues mediated by the cells’ integrins and ECM adhesion 
proteins. Collagen type I in bone, for example, forms fibrils with a a typical banding 
pattern of 68 nm in width with a 3-5 nm banding depth and an interfibrillar spacing 35 
nm depth [1]. By interacting with their natural nano environment, cells become acti-
vated and differentiate to perform their intended function [2-6]. Nowadays, in tissue 
engineering and regenerative medicine much effort is placed in mimicking such 
nanotopography on implantable biomaterials. Cells possibly recognize such topogra-
phies as a more “natural” environment, leading to fast integration of the biomaterial 
into the surrounding tissue [2, 7]. 
In addition to cellular differentiation, using an organized topography on implantable 
materials will also control the morphological and migration behaviour of cells. The lat-
ter may be employed to achieve a fast closure of the  wound area over an implant sur-
face, thereby shortening the healing time, and preventing the occurrence of infections. 
For example, in guided tissue regeneration (GTR), membranes consisting of a highly 
organized array of collagen are implanted to promote fast, directional migration of 
cells [8]. Our previous study demonstrated that cell motility and morphology are highly 
influenced by differences in groove dimensions [9]. On grooves with specifically a 
width of 300 nm for example, cells aligned to the groove direction and were highly mo-
tile, indicating a favourable response for GTR. On the other hand, we could not ob-
serve any motility and morphological effects on grooves narrower than 75 nm, irre-
spective of the applied groove depth or ridge width. Despite the studies on the influ-
ence of cellular behaviour to a wide array of nanogrooved dimensions, it is thus far 
unknown how specific cell types react with specific patterns. In addition, it is unknown 
how cell adhesive processes are involved in such directional cell migration.  
To understand how cellular responses towards biomaterial structures are medi-
ated, cell adhesion needs to be studied in detail. The initiation of cell adhesion is a 
process which is usually established within a few microseconds [10] and involves in-
tegrins that adhere to surface specific proteins such as fibronectin and vitronectin [11, 
12]. Within 5 minutes, these integrins cluster to become focal adhesions (FAs), and 
may either disassemble or further mature into fibrillar adhesions (FBs) within 20 min-
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utes [13, 14]. The formation of such FBs may severely reduce cell motility [15], as 
shown in our previous study [9]. Such cell adhesive processes are not only important 
for proper integration of an implant into the surrounding tissue, but likely also influ-
ences other cellular processes such as migration, polarization, spreading, and differ-
entiation. Therefore, the aim of this study was to get a better understanding of the ef-
fect of nanoscale grooves on initial osteoblast adhesion within the first hour after the 
cells come into contact with the surface, and how this adhesion can be related to di-
rectional cell migration on the grooves. 
We hypothesize that a fast adhesion of cells to grooved implants may lead to in-
creased directional migration. Ultimately, this may result in an improved wound healing 
and tissue regeneration not only in an outside-in fashion, but also at the inner surface 
of an implant within a short time period after implantation. In order to test this hypothe-
sis, different types of cell adhesion studies were performed. The influence of nano-
scale grooves ranging from a pitch of 150 nm up to 1000 nm was first studied directly 
after initial contact using AFM single cell force measurements. Next, initial cell adhe-
sion events were followed at intervals from minutes to hours. Finally, a migration as-
say up to three days was performed to assess whether the initial adhesion correlated 
to the tissue migration potential of osteoblasts after prolonged culture. 
2. Materials and methods 
2.1. Substrates 
Prime quality 4’’ silicon (Si) wafers with nanogrooves were prepared using laser 
interference lithography [2]. A setup was used based on the Lloyd’s interferometer, 
where a regular pattern was produced by interference of an incident laser beam and a 
mirror reflected beam [16]. The period of the interference pattern, and thus of the grat-
ing recorded in the resist layer on the substrate, is given by the equation: P = λ/(2sin) 
where the period (P) is determined by the wavelength (λ) of the beam source and the 
angle () at which two coherent beams are interfering. With a 266 nm light source, 
periods of 150 nm up to 1000 nm were produced [17]. A tri-layer positive resist system 
was spin coated on a silicon wafer, consisting of a 13 nm thick bottom antireflective 
coating (BARC) DUV46 (Brewer Science, Derby, UK), a 140 nm thick positive (for PS 
replication) photosensitive polyvinyl based resist PEK500 (Sumitomo Chemical, Ja-
pan), and a 5 nm top antireflective coating (TARC, Aquatar-6A, AZ Electronics, Wies-
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baden, Germany). After illumination and development of the resist layer, the grating 
was transferred to the substrate by a reactive ion etching process using a Plas-
matherm 790 system (Unaxis, Utrecht, The Netherlands). An optimized method of 
reactive ion etching using parameters giving anisotropic etch profiles in nanoscale 
was used. SF6:O2 (instead of CHF3:O2) plasma chemistry gave well defined struc-
tures transferred on silicon. Using this setup, highly regular patterns were produced 
over areas of about 2 × 2 cm2. The groove dimensions are given in Figure 1a.  
In order to create multi-patterned wafers containing 5 different groove patterns and 
1 flat part, five Si wafers containing different groove patterns and one smooth sub-
strate were diced into sextant pieces and glued together to create one combined wa-
fer (Figure 1b,c). These wafers were not used directly but served as templates to pro-
duce cell culture materials. 
For reproduction of PS replicates, 0.5 g PS dissolved in 3 ml chloroform was 
casted onto a 3’’ silicon wafer and the chloroform was evaporated overnight. PS rings 
(2.0 cm  for adhesion analysis, 3.0 cm  for time lapse CLSM and 4 cm  for AFM 
adhesion measurements) were glued to substrates using a small amount of casting 
solution to create cell culture dishes. Substrates received a radiofrequency glow-
discharge (RFGD; Harrick, Ossining, USA) treatment for 5 minutes in argon gas at 10-
2 bar for sterilization and to improve wettability. The groove dimensions of the differ-
ent nanopatterns were routinely verified by AFM. 
Figure 1. a. Groove dimensions b, c. schematic diagram of multi-patterned substrates. d, e. 
Cross-sections and height images of the nanopatterns created by AFM imaging.  
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2.2. AFM imaging 
A multimode AFM (Nanoscope IIIa, Veeco, Santa Barbara, CA, USA) with Nano-
Scope Analysis software (version 1.20, Veeco) was used to confirm surface topogra-
phy of the nanopatterns. Tapping in ambient air was performed with high aspect ratio 
NW-AR5T-NHCR cantilevers (NanoWorld AG, Wetzlar, Germany) with average nomi-
nal spring constants of 30 Nm
-1
 [18]. Height images of each nanopattern were cap-
tured in ambient air at 50% humidity at a tapping frequency of ~250 kHz. The ana-
lyzed field was scanned at a rate of 0.8 Hz and with 512 scanning lines. 
2.3. Cell culture 
The mouse MC3T3-E1 osteoblast cell line (ATCC #CRL-2593) was maintained in 
alpha Minimal Essential Medium without ascorbic acid ( MEM; Gibco BRL, Life Tech-
nologies B.V. Breda, The Netherlands) supplemented with 10% foetal calf serum 
(Gibco) and 0.5 mg/ml gentamicin (Gibco). Cells were cultured from passage 21 up to 
25. Before the experiments, cells were detached with trypsin/EDTA (0.25% w/v tryp-
sin / 0.02% EDTA), resuspended in cell culture medium centrifuged at 1,200 rpm for 5 
minutes and again resuspended at the desired cell density. 
For experiments under serum-reduced or serum-free conditions, cells were once 
washed in PBS after spinning down the cells at 1,200 rpm, centrifuged again at 1,200 
rpm and resuspended in serum reduced or serum-free  MEM. 
2.4. AFM force measurements 
Cells were attached to tipless AFM cantilevers (MLCT-O10, Bruker, Santa Barbara, 
CA, USA) by concanavalin A (ConA)-mediated linkages as described [19-21]. In short, 
ConA-coated cantilevers were prepared as follows. Cantilevers were first cleaned by 
immersion in 1M sulfuric acid (Sigma) for 1 hour, then thoroughly rinsed with Milli-Q 
water, ethanol and subsequently dried in a N2-flow. Following an overnight incubation 
at 4°C in biotinylated BSA (biotin-BSA, 0.5 mg/ml in 100 mM NaHCO3, pH 8.6) the 
cantilevers were rinsed using PBS and exposed to 0.5 mg/ml (PBS, 30 min, 37°C) 
streptavidin (Pierce, Rockford, IL). Finally, the cantilevers were rinsed three times with 
20 mM Tris, 150 mM NaCl, 1 mM CaCl2, 2 mM MgCl2, pH 8.0 (TSM) and incubated in 
biotinylated ConA (biotin-ConA, 0.4 mg/ml in TSM) for 30 min at 37°C and washed 
with TSM. Force measurements on living cells were performed in force-distance mode 
using a combined Catalyst BioScope AFM (Bruker) Leica confocal microscope TCS 
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SP5 II (Leica, Mannheim, Germany). Cantilever deflection was determined from the 
difference in signal generated by a two-segment photodiode monitoring the reflection 
of a laser beam focused onto the endpoint of the cantilever. The spring constant of 
each cantilever was calibrated before use by a non-destructive thermal oscillation 
method [22].  
Figure 2. a. Image of osteoblast adhered to the cantilever above the substrate (cells on sub-
strate are out-of-focus). b. Schematic overview of AFM-based single cell adhesion experiments. 
The cell-functionalized cantilever was approached towards the surface (I). The cell was allowed 
to adhere for 10 seconds to the substrate (II). The cell-functionalized cantilever was then re-
tracted from the substrate thereby disrupting adhesion bonds (III) until the cell was completely 
detached (IV) and a probing cycle can be repeated. c. Example of a force-distance curve show-
ing maximum detachment force (Fmax), the width of detachment, the detachment work and a 
number of detachment events of single tethers (jumps, indicated by *). 
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For AFM cell adhesion measurements (n ≥ 7 cells), a cell was first adhered to the 
cantilever. The cantilever was pushed softly (< 5 nN) onto the cell for approximately 20 
seconds and upon retraction a positive pick up was directly observed by the micro-
scope (Figure 2a). From that moment, the cell was allowed to adhere strongly to the 
cantilever for at least 15 minutes. Adhesion of the cantilever adhered cell to the differ-
ent nanostructures was subsequently measured by bringing the cell into contact with 
the substrate with a contact force of 1000 pN, and allowing the cell to adhere for 10 
seconds. Subsequently, the cell was retracted at a retraction speed at 12 µm/s, with 
subsequently a relaxing time of 2 seconds to give the cell time to recover  (Figure 2b) 
[19, 23]. Cell adhesion experiments were performed in either 10%, 1% serum or in 
serum free conditions. Data were subsequently exported from the BioScope Catalyst 
by the NanoScope v8.1 software and further analyzed in MATLAB. Analysis of force-
distance curves resulted in the width, work, and maximum detachment force Fmax of 
every curve (see also Figure 2c) for statistical analysis (n ≥ 70 curves). 
2.5. RGD control 
AFM force measurements were first performed with a cell in 1% serum on grooves 
with a 600 nm and 1000 nm pich. Cells were then incubated for 30 minutes with 250 
µM RGD peptide (G1269, Sigma-Aldrich). Subsequently, force measurements were 
repeated in the presence of the peptide (n ≥ 40 curves; n = 3 cells). 
2.6. Cell adhesion analysis 
Cells were seeded at a cell density of 12,500 cells/cm
2
 on flat substrates with either 
10% FCS, 1% FCS, or without FCS (n ≥ 10). On grooved substrates, 10% FCS was 
always used. After allowing the cells to adhere for either 15, 30, and 60 minutes the 
culture medium containing non-adhered cells was transferred into tubes. Cells in the 
culture medium were spun down at 1,200 rpm for 5 minutes, medium was removed 
and 0.5 ml Milli-Q water was added in order to lyse the cells. In addition, the sub-
strates were washed in PBS to remove medium and serum components and then 0.5 
ml Milli-Q water was added, rinsed and the cells were transferred into separate tubes. 
Finally, cells were lysed in a series of three freeze-thaw cycles. Subsequently, DNA 
was separated from the cell remnants by centrifugation at 1,200 rpm for 5 minutes. 
The amount of DNA was quantified using the picogreen DNA assay (Invitrogen) ac-
cording to manufacturer’s protocol. Briefly, 100 µl of sample was added to 100 µl 
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freshly prepared working solution containing picogreen in a 96-well plate (Greiner Bio-
one) and incubated for 5 minutes in the dark. The plate was read in a multiplate fluo-
rescence reader at a wavelength of 488 nm. Cell adhesion was analyzed by dividing 
the adhered DNA fraction from the total DNA amount (i.e. sum of DNA from adhered 
and non-adhered cells). 
2.7. Preferential migration 
Preferential osteoblast migration on nanogrooves was determined (n ≥ 7) using a 
multipatterned substrate. Cells were seeded in the centre in a drop of 10 µl containing 
5000 cells for two hours for adherence. Then 1 ml medium was added over the whole 
substrate and cells were cultured for three days. Subsequently, cells were fixed in 3% 
paraformaldehyde (Sigma-Aldrich) supplemented with 0.01% glutaraldehyde (Acros) 
in PBS and incubated in PBS with 1% triton X100 (Koch, Colnbrook, England) for 10 
minutes. The cells were fluorescently labelled with phalloidin-Alexa 568 (1:250; mo-
lecular probes) for filamentous (F-) actin and DAPI (1:2500) for nuclear staining in 
PBS supplemented with 0.1% Tween 20 (Merck, Schuchardt, Germany). Cells were 
imaged with a Zeiss Z1 microscope (Jena, Germany) and outward osteoblast migra-
tion was determined by Fiji software (Version 1.45b, National Institute of Health, La 
Jolla, USA). The migration analysis demonstrated that the migration distances of cells 
on the substrates were very different (range between 3 and 6 mm outgrowth). There-
fore, data was ranked to determine the relative migration effect of grooves on the cells 
with the following parameters: 1: minimal outward migration and 6: maximal outward 
migration 
2.8. Statistical analysis 
For the AFM force measurements, several force-distance curves were acquired 
per cell on the tested substrate, showing no clear trends. Therefore, we assume a 
normal distribution. Measurements performed on the same location gave similar force 
curves, indicating that the RGD-protein containing serum proteins were firmly at-
tached to the surface. Data from the AFM measurements were normalized to the re-
sults from the 1000 nm patterns. Data obtained from the experiments were statistically 
analyzed using SPSS for Windows (SPSS 16). Data were analyzed by ANOVA and 
post hoc Tukey testing. Probability (P) values of P ≤ 0.05 were considered significant. 
Errors are mean ± SD. 
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Independent T-tests were performed to compare cell adhesion between two 
groups. Mann-Whitney U-tests were performed to compare cellular migration. 
3. Results 
3.1. Nanopatterned substrates 
AFM analysis of RFGD-treated polystyrene replicates from the multi-patterned wa-
fer confirmed that, the replication quality of the groove patterns was consistent 
throughout the experiments (Figure 1d,e). 
3.2. Initial cell adhesion to nanogrooved substrates 
In the presence of 1% FCS, cells demonstrated the highest Fmax on flat and 600 nm 
pitch substrates and the lowest Fmax on a 150 nm substrate (Figure 3). The “work” (i.e. 
Figure 3. Detachment of single osteoblasts from nanogrooved substrates in the presence of 
1% FCS (a, c) or 10% FCS (b, d). a, b. Maximum detachment forces in nN (Fmax). c, d. Work of 
cellular detachment in femtoJoule. Data represent the mean  ± Standard Deviation. N > 7 cells, 
N > 10 force curves per cell and N > 3 locations per cell. Total number of measurements are 
indicated in the boxes. Data sets were compared by using the ANOVA and post hoc Tukey 
testing. a P<0.05 b P<0.01 c P<0.001 
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the area enclosed by the detachment curve and baseline, which gives a measure for 
the strength of adhesion of the cell to the substrate, Figure 2c) showed no significant 
differences. In the presence of 10% FCS, cells demonstrated the highest Fmax on 600 
nm and 1000 nm pitch substrates and lowest force on a 150 nm pitch. For the work a 
similar trend was observed; on a 1000 nm pitch the detachment work was significantly 
higher than on a 150 nm pitch. Comparison of the serum concentration effect on cell 
adhesion, demonstrated that Fmax was significantly higher in the presence of 10% FCS 
than in 1% FCS. In contrast, the work was significantly higher in the presence of 1% 
FCS than with 10% FCS. 
In the force-distance curves of detaching osteoblasts, step-like unbinding events 
(“jumps”) were observed preceded by force plateaus directly after the Fmax detach-
ment peak (Figure 2c). These events probably represent unbinding events of integrin 
Figure 4. Number of jumps per cell and jump forces in the presence of 1% FCS (a, c) or 
10% FCS (b, d). a, b. Average number of jumps per cell on the nanogrooved substrates. c, d. 
Mean rupture force of each jump. Data from the number of jumps represent the mean ± 95% 
confidence interval and from jump forces represent mean ± Standard Deviation. Total number 
of measurements are indicated in the boxes. a P<0.05 b P<0.01 c P<0.001  
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tethers on the cell membrane from the substrate as previously described by Puech et 
al. [24]. Most jump-events were observed on a substrate with 600 nm pitch, both in the 
presence of 1% and 10% FCS (Figure 4). In addition, the highest jump forces were 
determined on the 600 nm pitches too, both in the presence of 1%  and 10% FCS. The 
lowest jump forces were observed on the 300 nm pitch, whereas in the presence of 
10% FCS the lowest forces were observed on a flat substrate. Comparison of serum 
effects on cellular unbinding events demonstrated that the number of jumps were sig-
nificantly higher in the presence of 10% FCS compared to 1% FCS and that jump 
forces were significantly higher in the presence of 1% FCS than with 10% FCS. 
Addition of the RGD blocking peptide reduced both detachment forces and work 
significantly, but not completely, indicating that RGD-specific integrins are the main 
initial adhesive source for the cells (Figure 5). 
3.3. Adhesion maturation 
A comparison of osteoblast adhesion at 15 minutes showed that only on a 150 nm 
pitch  significantly more cells adhered relative to the 600 nm pitch and the flat sub-
strate (Figure 6a). At 30 minutes more cells adhered to substrates with a pitch of 300 
nm, 600 nm and 1000 nm compared to the flat substrate. At 60 minutes no significant 
differences in cell adhesion between the patterns were observed. It is noticeable that 
at 60 minutes > 90% of the cells stayed adhered, thus, differences in adhesion could 
not be detected anymore with high sensitivity. 
Figure 5. Effect of 30 minutes block with RGD on cell detachment from a 600 nm and 1000 nm 
pitch. a. Relative maximum detachment forces and b. work of cellular detachment. Data 
represent the mean  ± Standard deviation. a P<0.05 b P<0.01 c P<0.001 
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Addition of different serum concentrations to the cells significantly affected cell ad-
hesion at 15-60 minutes on flat substrates; cell adhesion under serum free conditions 
was always higher than in the presence of 1% or 10% FCS for all interaction times 
studied (Figure 6b). 
3.4. Directional cell migration 
Analysis of outward osteoblast migration demonstrated that cells on the radially 
oriented substrates had the highest outward migration on substrates with a 600 nm 
pitch and the lowest migration on substrates with a 150 nm pitch (Figure 7b). On the 
concentrically orientated substrates the highest outward migration was observed on a 
300 nm pitch and lowest migration on a 600 nm pitch (Figure 7d). 
4. Discussion 
The aim of the current study was to determine the influence of nanoscale grooves 
on initial adhesion and long-term migration of MC3T3-E1 osteoblasts, using different 
nanogrooved pitches with a ridge-groove ratio of 1:1 ranging from 150 nm up to 1000 
nm and a flat control. The data demonstrated that submicrometer grooves, and  most 
specifically a 600 nm pitch, induces faster initial cell adhesion, whereas at 15 minutes 
adhesion on the 600 nm pitch is restrained. The atomic force microscopy-assisted 
single cell force measurements (SCFC) proved to be very useful and predictable for 
standard long-term migration assays. The high initial adhesion and restrained adhe-
Figure 6. Quantification of cell adhesion after different adhesion times. a. Fraction of adhered 
cells on different nanogroove dimensions. b. Influence of serum concentration on cell adhesion. 
Data represent the mean ± 95% confidence interval. a P<0.05 b P<0.01 c P<0.001 
105 
 
5 
sion maturation was favourable to induce a high cell motility and highly directional mi-
gration. 
Regarding our study from a technical point of view, the use of a multi-patterned 
substrate had some important advantages over separately patterned substrates. First, 
replicates of substrates are produced and treated in a single step and therefore, the 
variation between substrates due to, for example surface free energy (hydrophobicity), 
are not potentially significant factors. Secondly, cell migration is instantly comparable 
within one substrate. Finally, initial cellular adhesion could be studied on different 
Figure 7. The influence of nanogrooves on outward migration of osteoblasts. The migration 
was analyzed on radially oriented (a, b) or concentrically oriented (c, d) grooves. a, c: repre-
sentative micrographs of outward migration of MC3T3-E1 osteoblasts on the multi-patterned 
substrates. The size of the sextants are representative for the outgrowth of the cells. a,b. Image 
borders represent migration edges Data in b, d represent the mean ± 95 % confidence interval. 
a P<0.05 b P<0.01 c P<0.001 
106 
 
nanopatterns by AFM using a single cell. Thus, statistical comparison in cell assays 
was free of confounding effects. 
 Regarding the chosen setup, several techniques can be employed to measure 
initial cell adhesion. For example, Modin et al. [25] studied initial osteoblast adhesion 
by using a quartz crystal microbalance with dissipation (QCM-D). However, this tech-
nique is not appropriate to analyze the adhesion strength of single cells. Also mag-
netic tweezers have been used to measure forces generated during initial cell adhe-
sion [26]. A disadvantage of such technique is its limitation to exert maximum forces  
of only ~200 pN (pico-Newton) which is mostly not enough to detach the cell. For this 
reason another sensitive technique to measure these initial cell adhesion forces was 
used in this study, i.e. atomic force microscopy (AFM)-assisted single-cell force spec-
troscopy (SCFS) [27, 28]. A major advantage of SCFS over other techniques is that 
the adhesion of a cell to a substrate can be very precisely measured over a wide prac-
tical force range, from 10 pN to 10
6
 pN [27]. Thereby, SCFS provides insight into ad-
hesion  up to single ligand-receptor unbinding of a single cell interaction with a sub-
strate controlling the first moment of contact [20, 27]. 
As far as our statistical approach is concerned, it has to be noted that measure-
ments were not calculated per number of cells, but over the total of curves. This 
analysis disregards eventual clustering of data within each cell; however is generally 
accepted as valid [19, 24]. Previous research states that in this set up, it can be as-
sumed that each of these measurements with the same cell are all different measure-
ments of an interaction of the cell with the substrate. Our analysis of different force-
distance curves shows that these measurements can indeed be considered as (semi) 
independent measurements (data not shown).  
Comparison of our findings with available literature, confirmed again that cells are 
able to respond to smallest variations in topographical characteristics such as topog-
raphical density, organization and stiffness [2, 3, 29-31]. On the other hand, our com-
parative study demonstrated for the first time that grooves with a pitch of 600 nm are 
optimal to induce both nascent cell adhesion and highly directional migration. More-
over, the jump events (representing single tether unbinding events) were only signifi-
cantly increased on a 600 nm pitch. In contrast, a groove pitch of 150 nm reduced 
nascent adhesion and directional migration. These findings confirm our hypothesis 
that a sufficient pattern width is essential to promote a fast initial contact of the cell 
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with a substrate, finally resulting in fast and directional migration. Strikingly though, 
nascent integrin adhesion on nanogrooves is not indicative for the establishment of 
FBs at later time points. At 15 minutes, cell adhesion on a 600 nm pitch was reduced, 
whereas it was enhanced on a 150 nm pitch. Apparently, nascent cell adhesion is pro-
moted by groove widths of 300 nm or larger, whereas the clustering of these integrins 
into FBs is limited. The maturation of integrins into FBs are indicative for the firmness 
of adhesion and an increase in FBs reduces cell motility [14]. This possibility fully cor-
roborates with our previous study, in which we demonstrated that upon an increase in 
groove width up to 300 nm, cell motility increased whereas FA length decreased [9]. 
Veevers-Lowe et al. further confirmed this by demonstrating that cell migration is me-
diated by integrin adhesion to fibronectin, which in turn induces actin reorganization 
and cell migration [32]. In contrast, smaller nanogroove dimensions may be involved in 
the induction of ECM remodelling rather than cell migration [33]. The observation of 
high initial detachment forces on flat surfaces may be due to adhesive serum proteins 
such as fibronectin and vitronectin, covering the surface. At longer time points how-
ever, cell adhesion to the flat substrate was diminished compared to the grooved sub-
strates, possibly indicating that either a high organization of adhesive proteins or the 
topography itself can be essential to establish cell spreading and enhance the forma-
tion of mature FAs. 
Furthermore, this study demonstrated that cell migration is not only dependent on 
groove pitch, but also on the direction. The 600 nm pitch induced fast and highly direc-
tional cell migration parallel to the grooves, whereas cell migration perpendicular to the 
600 nm pitch was highly reduced. In contrast, the 300 nm pitch induced the highest 
migration perpendicular to the grooves. These findings suggest that there is a thresh-
old for the groove width between 150 nm and 300 nm, above which the formation of 
mature adhesions perpendicular to the grooves is restrained, resulting in an increasing 
migration speed and directionality [34]. Mature FAs may preferably form in the longitu-
dinal direction along the grooves, resulting in migration parallel to the grooves. On 
smaller grooves on the other hand, FA formation and maturation may occur perpen-
dicular over several grooves, thereby initiating unidirectional migration [35]. More im-
portantly though, our cell migration and previously reported motility data [9] fully cor-
roborate with the trend observed in initial cell adhesion, indicating that the initial con-
tact of the cell with a specific surface characteristic may determine the cell fate at later 
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time points [36, 37]. Our previous results on the influence of nanogrooved substrates 
on osteoblast differentiation confirm this, because differentiation increased with in-
creasing groove pitch [2]. 
Several groups already demonstrated that differences in serum concentration or 
type can highly affect cell adhesion [38-40]. Our study confirmed that serum greatly 
affects cell adhesion in addition to surface patterning. In the absence of FCS, cells 
adhered too strong to the substrate to perform accurate SCFS measurements, and 
therefore were excluded from the study (data not shown). Serum contains adhesion 
mediating proteins, such as fibronectin and vitronectin, that greatly enhance cell adhe-
sion. However, in corroborating the study by Fuijwara et al. (2009), our study demon-
strated that cell adhesion was highly increased by decreasing serum concentrations. 
The extremely high adhesive forces as observed in the absence of serum may be re-
sulting from small amounts of adhesive proteins, that are secreted by the cells to in-
duce a fast and highly efficient adhesion to the substrate [38]. Reduced serum condi-
tions (1%) also resulted in an increase in cell adhesion compared to high serum con-
ditions (10%), however in a different manner and to a lesser extent than serum-free 
conditions. Since we used an MC3T3-E1 osteoblast cell-line, this increase could result 
from the immortalization of the cell, however, a similar effect was observed for primary 
rat MSCs (data not shown). When using a high serum concentration, soluble adhesion 
proteins present in the culture medium may adhere to integrins at non-adherent cells, 
thereby reducing cell adhesion to the substrate, which is also loaded with these adhe-
sion proteins. For confirmation, the effect of RGD on cell adhesion was analyzed. 
RGD is a peptide repeat which is present in cell adhesive proteins such as fibronectin 
and vitronectin [41]. Cells recognize the RGD-tripeptide through specific integrins (e.g. 
β1, β3, and β5 subunits) that reside at the cell surface and are directly linked to the ac-
tin filament via the FA-complex. Addition of RGD to the cells resulted in a highly re-
duced adhesion force and work, indicating that adhesive serum proteins are indeed 
responsible for integrin mediated cell adhesion to the substrate as well as the ob-
served serum effect on initial cell adhesion. For a full confirmation however, separate 
blocking experiments of different RGD-sensitive integrins should be performed [12]. 
For clinical applications, finding the optimal surface topographical conditions for 
cells to adhere, proliferate, migrate, and finally differentiate may greatly enhance the 
efficacy of implant integration into the surrounding tissue [4]. From a cellular point of 
view, the results from the current study and our previous studies [2, 9, 42] demon-
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strate that grooves with a pitch range 300 < 1000 nm may be favourable patterns to 
accomplish such requirements for several reasons: i. Initial cell adhesion, but not ad-
hesion maturation, is enhanced on the 600 nm substrate. Osteoblasts may preferably 
adhere to such topographies over other cells, thereby reducing possible risks for 
chronic inflammatory responses by e.g. macrophages or encapsulation by fibroblasts 
[31, 43]; ii. Cells become highly aligned on substrates with a pitch of 600 nm. Such a 
realignment may possibly result in a highly ordered extracellular matrix deposition 
around the implant at later time points, leading to an improved stability [1]; iii. Direc-
tional cell migration parallel to grooves with a 600 nm pitch is increased compared to 
the other studied substrates. This may result in a faster coverage of the implant sur-
face resembling GTR, thereby improving bone ingrowth and reducing the risk of unde-
sirable side-effects resulting from adhesion of other cells [44]; iv. Osteoblast differen-
tiation is enhanced on substrates with a pitch of 1000 nm [2]; v. Moreover, the immune 
response can be specifically controlled by grooved substrates. These advantages im-
mediately affect the speed of wound closure and bone regeneration. Long term in vitro 
mineralization studies as well as in vivo implantation studies should confirm this hy-
pothesis. 
5. Conclusion 
In the current study, we analyzed how nanoscale grooves control the adhesion and 
migration of MC3T3-E1 osteoblasts. The 600 nm pitch (300 nm groove width) highly 
induced initial cell adhesion and the formation of integrin to RGD-protein tethers. After 
15 minutes, however, cell adhesion was reduced on a 600 nm pitch. In addition, cell 
migration parallel to the grooves was highly induced on a 600 nm pitch. From this 
study, we conclude that grooves with a width of 300 nm may be favourable to enhance 
osteoblast adhesion and migration. 
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1. Introduction 
During implantation of a bone implant a surgical wound is created, which provokes 
an inflammatory response at the implant site [1]. As a consequence, the first cells ar-
riving after installation of the implant are neutrophils, immediately followed by platelets 
and macrophages. The latter two start producing growth factors, chemokines and cy-
tokines to induce the wound healing process. For example, activated macrophages 
start producing wound healing cytokines, such as transforming growth factor beta 
(TGF-β) and interleukin 10 (IL-10), but also tissue regenerative proteins, such as bone 
morphogenetic protein 2 (BMP-2) and osteopontin (OPN) [2-4]. In addition, macro-
phages produce inflammatory cytokines, like IL-1β and TNF-α [5, 6]. Both IL-1β and 
TNF-α have been described to promote osteoblast recruitment and thereby to regulate 
in vitro and  in vivo bone regeneration
 
[7, 8] in a concentration-dependent way [9]. For 
example, bone formation is suppressed by cellular reduction of IL-1 uptake in a bony 
environment via antagonistic blocking of the IL-1 receptor [10]. A high IL-1β or TNF-α 
concentration inhibit also bone formation by the induction of a foreign body reaction, 
which leads to the fusion of activated macrophages into large multi-nucleated foreign 
body giant cells (FBGCs) [11, 12]. FBGCs adhere to the implant surface and produce 
oxygen radicals and degradative enzymes that contribute to implant failure at a later 
stage [11]. Preventing the formation and adhesion of FBGCs may result in an en-
hanced lifetime of implanted biomaterials. 
Currently, much effort is placed in optimizing the biocompatibility of bone implants 
by changing the surface characteristics, such as surface free energy and topography 
to enhance tissue integration. Modification of the implant surface characteristics, i.e. 
by altering roughness or creating microgrooved patterns, has been shown to influence 
the bone as well as immune response, resulting in an altered secretion of cytokines 
and growth factors by macrophages both in vitro and in vivo [5, 6, 13, 14]. However, 
the surface topographies, as created in these studies, were mainly at the micrometer 
scale. Recently, a shift in implant surface modification occurred and research is now 
focused on topographies organized specifically at the nanometer scale [15-17]. The 
rationale behind this change is the similarity of e.g. nanogrooves with the natural ex-
tracellular matrix (ECM) of tissues. For example, bone consists of molecules such as 
hydroxyapatite that are embedded in a highly organized array of collagen type I fibrils. 
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These fibrils have an interfibrillar spacing of approximately 70 nm with a depth of 35 
nm [18]. Several in vitro studies have already demonstrated that mimicking this organ-
ized ECM nanostructure of bone can indeed control early cellular responses, such as 
altered bone cell adhesion, orientation and differentiation [15, 16]. However, nanoscale 
surface topography  may also have an effect on the immune response. It can be hy-
pothesized that macrophages recognize such substrates as a “natural” extracellular 
environment and respond accordingly by an altered secretion of cytokines and growth 
factors resulting in promotion of the tissue regeneration process. 
In the current study, the response of macrophages towards nanogrooved sub-
strates was first assessed in vitro. The studied nanogroove patterns were selected 
based on a previous study, which demonstrated that these patterns had a favorable 
effect on the response of osteoblasts [16].
 
Macrophage morphology and production of 
cytokines with distinctive functions were studied, i.e. the pro-inflammatory cytokines IL-
1β and TNF-α, the wound healing cytokines IL-10 and TGF-β, and the bone regenera-
tive proteins BMP-2 and OPN. Subsequently, the in vivo inflammatory response was 
examined using a well established mouse cage implant model [19, 20]. Cages, pro-
vided with nanogrooved implants, were placed subcutaneously in mice, resulting in the 
infiltration of exudate fluid in the cavity and the adhesion of inflammatory cells to the 
implant. The evoked chronic inflammatory response was determined by evaluation of 
the types and levels of adhered inflammatory cells as well as gene expression levels of 
cytokines and growth factors of the infiltrating cells. 
2. Material & Methods 
2.1. Substrates used for in vitro experiments 
Single-side polished (for PS replication) or double-side polished (for in vivo studies) 
4″ silicon wafers (Okmetic, Vantaa, Finland) were spin-coated with a tri-layer resist 
(bottom antireflective coating [BARC], photosensitive resist and a top antireflective 
coating [TARC]).  
Subsequently, nanogroove patterns were created using laser interference lithogra-
phy (LIL) with a wavelength of 266 nm. The defining value for the interference pattern 
period was the angle of incidence in the Lloyd`s setup [21]. The angle (Θ) defines the 
period of structure (P) according to the formula P=λ/2 sin Θ, where λ is the wavelength 
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of the light source. Angles were set to 7.6°, 26.3°,  and 62.4° to give periods of: 1000 
nm,  300 nm, 150 nm, respectively [22].
 
The patterns were etched from the resist into 
silicon in a two-step process; First, an oxygen plasma etching procedure was used to 
remove the BARC and to access the silicon surface. Then, SF6:O2 gas and silicon re-
active ion etching was performed to etch the patterns into silicon. The nanogrooved Si 
surfaces served as templates for polystyrene solvent casting as described before [16]. 
2.2. Substrates used for in vivo experiments 
For in vivo experiments, nanogrooved Si-wafers were lithographically patterned at 
both sides as described above. Subsequently, the wafers were diced into 6 x 9 mm 
pieces using Disco DAD 321 dicing equipment (Disco Co. Japan). Then, these speci-
mens were uniformly coated with an ultrathin layer of titanium (Ti) by physical vapor 
deposition in an ESM 100 evaporator (Edwards, Essex, UK) at a pressure of 5x10
-3
 
mbar and a power of 100 W for 10 minutes.  
To determine the thickness and roughness of the sputtered Ti-layer, a smooth sili-
con substrate was partly covered with tip-ex®. After Ti-deposition, the tip-ex® was 
removed with acetone and the height was measured by atomic force microscopy 
(AFM; Nanoscope IIIa, Veeco, Santa Barbara, CA, USA). 
In addition to the nanogrooved substrates, smooth (0 nm) Ti substrates were in-
cluded as the negative control in the in vivo analysis as well as smooth (0 nm) radio 
frequency glow discharge (RFGD)-treated PS as a positive control. 
2.3. Cell Culture 
The murine-macrophage cell-line RAW264.7 was cultured in alpha Minimal Essen-
tial Medium (α-MEM, Gibco, Invitrogen Corp., Paisley,  UK) containing 10% fetal calf 
serum (FCS, Gibco) and 50 µg/mL gentamycin (Gibco) at 37
o
C in a humidified atmos-
phere of 95% air and 5% CO2. As a control for inflammation, macrophages were 
stimulated with lipopolysaccharide (LPS; 100 ng/ mL). For the experiments, macro-
phages were detached by mechanical force and seeded at a density of 2.5x10
4
 cells/
cm
2
 onto the prepared substrates and cultured for 24, 48 and 72 hours in a humidified 
atmosphere of 95% air, 5% CO2 at 37  C. 
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2.4. Scanning electron microscopy (SEM) 
To analyze the effect of surface nanotexture on cell morphology, cells were washed 
in PBS, fixed for 5 minutes in 2% glutaraldehyde in 0.1 M sodium-cacodylate and 
washed for 5 minutes in 0.1 M sodium-cacodylate. Subsequently, cells were dehy-
drated in a graded series of ethanol (5 minutes in 70%, 80%, 90%, 96%, 100% ethanol 
and finally 100% water free ethanol) and dried to air in tetramethylsilane. The speci-
mens were sputter-coated with gold (10 nm) and examined with a Jeol 6310 SEM. 
2.5. RNA isolation and reverse transcriptase PCR 
Cells cultured on substrates with a 1000 nm, 300 nm and 150 nm groove pitch as 
well as smooth control specimens (n=5) were washed 3 times in PBS and subse-
quently lysed. mRNA isolation was performed using the Absolutely RNA
®
 Nanoprep kit 
(Stratagene, La Jolla, CA, USA). Then, a first strand reverse transcriptase PCR was 
done using the Superscript
TM
 III First-strand Synthesis System for RT-PCR (Invitrogen) 
according to manufacturer’s protocol [16]. 
2.6. Real time PCR 
cDNA was amplified and specific gene expression was fluorescently quantified at a 
wavelength of 488 nm in a real-time PCR. For this reaction, 12.5 μL SYBR Green mas-
ter mix (Eurogentec, Liege, Belgium), 2 μL DNA, 3 μL primer mix (a mixture of 1.5 μL 
forward primer and 1.5 μL reverse primer) and 7.5 μL milliQ was used. Subsequently, 
PCR was performed in a Real-Time PCR C1000 thermal cycler (Bio-Rad) using the 
following steps: 1min at 95
o
C, 30 sec at 60
o
C and 1 min at 72
o
C. The primers coding 
for TGF-β, TNF-α, BMP-2, IL-10, IL1-β, OPN and GAPDH  were designed using 
“primer 3” (http://frodo.wi.mit.edu/primer3; Table 1). 
2.7. Cell quantification 
Cells were washed three times in PBS and lysed in ultra-pure water with three sub-
sequent freeze-thaw cycles. Then, the amount of DNA in the supernatant was quanti-
fied using the picogreen assay (Invitrogen) according to manufacturer’s protocol. 
Briefly, 100 µL of sample was added to 100 µL of freshly prepared working solution in 
a 96-well plate (Greiner Bio-one) and incubated for 5 minutes in the dark. The plate 
was read in a multiplate fluorescence reader at a wavelength of 488 nm. 
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2.8. Protein secretion 
Cell culture media for in vitro protein analysis (n=6 for each experimental condition) 
and exudate fluid for in vivo protein analysis (n=9) were used to quantify the secretion 
of five different cytokines, i.e. TGF-β, TNF-α, IL-1β, IL-10 and OPN using an enzyme 
linked immuno sorbent assay (ELISA) kit (R&D systems, Abingdon, UK). The assay 
was performed according to manufacturer’s protocol. Protein expression levels were 
normalized to either the DNA (cell) quantity (in vitro cell culture media) or protein 
quantity (in vivo exudate fluid) in each sample. 
2.9. Immunofluorescence staining 
Cells were washed 3x in PBS and fixed for 10 min in 3% PFA and 0.02% glutaral-
dehyde in PBS and permeabilized in 1% Triton X100 in PBS for 5 min. Cells were in-
cubated in PBS containing 5% BSA for 30 minutes to block aspecific epitopes. 1
st
 anti-
body labeling was performed overnight (used antibodies were mouse α-TGFβ 
[Serotec, Düsseldorf, Germany], rat α-TNFα [Serotec], rabbit α-IL1β [Abcam, Cam-
bridge, UK], rat α-IL10 [Abcam], rabbit α-BMP2 [Abcam], mouse α-BSP [DSHB, Iowa, 
USA], and mouse α-OPN [DSHB]) in PBS containing 1% BSA and 0.1% Tween-20. 
Cells were washed 3x 5 minutes in PBS containing 1% BSA and 0.1% Tween-20, fol-
lowed by incubation with a secondary antibody conjugated to IgG (goat α-rat Alexa-
fluor 488, donkey α-mouse Alexa-fluor 568, goat α-mouse Alexa-fluor 488, donkey α-
rabbit Alexa-fluor 568, and goat α-rabbit Alexa-fluor 488; 1:250; all Molecular Probes, 
Invitrogen), Alexa-fluor 568 conjugated phalloidin for F-actin fluorescence (1:250; Mo-
lecular probes), and DAPI (1:2500) staining for nucleic UV-visualization diluted in PBS 
containing 1% BSA and 0.1% Tween-20 for 2 h at room temperature. Finally, the sam-
ples were examined with an Olympus FV1000  confocal laser scanning microscope 
(CLSM). The antigenic specificity of the used antibodies was tested by using rat der-
mal fibroblasts as negative controls and activated macrophages as positive controls. 
The antigenic specificity of BMP-2, BSP-2 and OPN, was evaluated on differentiating 
MC3T3-E1 cells, which were cultured in α-MEM supplemented with 10% FCS, 50  g/
mL ascorbic acid (Sigma-Aldrich, Zwijndrecht, the Netherlands) and 10 mM Na-β-
glycerophosphate (Sigma), 10
-8 
M dexamethasone acid (Sigma). 
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2.10. Implantation of cages 
Prior to surgery, experimental substrates (n=9 for each experimental group) were 
placed into surgical-grade stainless steel wire mesh cages (1.5 cm in length, 0.8 cm in 
diameter, 0.25-mm wire diameter and 0.8-mm opening width with 58% open area) and 
sterilized by autoclaving.  
Twenty four male 9-week old BALB/c mice weighing 50-70 g were used for subcu-
taneous implantation (local approval #RU-DEC 2010-083). Surgery was performed 
under total anesthesia. 
Before surgery, the back of the mouse was shaved, washed with alcohol and disin-
fected with iodine. Subsequently, at both sites of the spinal column an incision of 1 cm 
was made. Then, ventral of the incisions, subcutaneous pockets were created by blunt 
dissection with a scissors. Finally, a cage was placed into the pocket. Control mice 
were provided with either empty cages (n=6), cages containing flat Ti-substrates (n=9) 
or cages containing flat PS-substrates (n=6). At the end, the wounds were closed us-
ing Agrave staples. After 14 days, mice were euthanized using CO2 suffocation. Sub-
sequently, the exudate was collected from the implanted cages using a 25 gauge nee-
dle. Finally  cages were harvested and the experimental substrates were  retrieved. 
2.11. Analysis of adherent cells 
Explanted substrates were washed and adherent cells were fixed in 3% PFA and 
0.02% glutaraldehyde in PBS. Subsequently, cells were incubated in PBS containing 
5% BSA for 30 minutes to block aspecific epitopes. Antibody labeling was performed 
by diluting antibodies specific for monocytes and fibroblasts (mAb-CD68 conjugated to 
Alexa fluor 488)  in PBS containing 1% BSA. In addition, nuclei were stained with DAPI 
(Molecular Probes, 1:2500) and samples were incubated for 2 h at room temperature. 
Finally, the samples were examined with an Olympus FV1000 CLSM. 
2.12. TRIZOL  RNA isolation 
The exudates were centrifuged for 5 minutes at 5000xg to collect the cells and total 
RNA was isolated using TRIZOL Reagent (Gibco BRL, Gaithersburg, MD) according to 
manufacturer’s instructions. Cells were washed twice in PBS with subsequent centrifu-
gation at 1500 rpm for 5 min, which was followed by the addition of 500 µL TRIZOL. 
Cells were lysed for 10 min and centrifuged at 10,000 rpm for 10 min. The super-
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natants were transferred to a new tube and 100 µL chloroform was added, mixed, in-
cubated for 3 min and centrifuged at 10,000 rpm for 15 min. The resulting aqueous 
layer was collected, mixed with 300 µL isopropanol and RNA was pelleted by centrifu-
gation at 10,000 rpm for 15 min. The pellet was washed with 70% EtOH and RNA was 
finally dissolved in 11µL deionized water by incubation at 55
o
C for 10 min. cDNA was 
obtained by using the Superscript
TM
 III First-strand Synthesis System for RT-PCR 
(Invitrogen) as described above. 
2.13. Statistical analysis 
Data obtained from the experiments were statistically analyzed using SPSS for 
Windows (SPSS 14). Differences in gene expression and protein secretion were ana-
lyzed by ANOVA and post hoc Tukey testing and cell quantification was analyzed us-
ing independent t-tests. Probability (p) values of p ≤ 0.05 were considered significant. 
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3. Results 
3.1. Substrates 
AFM measurements of the RFGD treated nanopatterned polystyrene (PS) sub-
strates demonstrated that the quality of the replicates remained equal to the silicon 
wafers (Figure 1). The groove depth increased linearly with the pitch size (R
2
 = 0.96; 
Figure 1. a. Overview of groove dimensions used in the current study. b. The groove depth 
increased linearly with the pattern pitch. c. Scanning electron micrographs of nanogrooved sub-
strates: 150 nm pitch and D. 300 nm pitch. E. Example of a height profile of a 300 nm pitch 
obtained with AFM.  F. Scanning electron micrographs of macrophages cultured on different 
substrates for 24 hours. 
122 
 
Figure 1b). In addition, AFM measurements demonstrated that the Ti-sputtered Si-
substrates for in vivo analysis had a Ti thickness of ~10 nm with an average rough-
ness (Ra) of 2 nm. 
2.2. In vitro cell morphology 
SEM revealed evident differences in cell morphology (Figure 1C). Cells cultured 
on smooth substrates and on a 150 nm pitch showed an amoeboid shape, while cells 
cultured on larger grooves (200 nm up to 1000 nm pitch) were stretched out and had 
obtained a spindle-like shape. After 2 days of culture, cell fusion had occurred on all 
tested substrates and several multinucleated cells were present, which was further 
confirmed by fluorescent imaging (Figure 2). 
3.3. In vitro gene expression  
For analysis of the innate immune response of macrophages towards nanopat-
terned substrates, in vitro gene expression by RAW-macrophages was determined up 
to three days after seeding. The results demonstrated that gene expression of the pro-
inflammatory cytokine IL-1β was significantly upregulated on all tested groove dimen-
sions at day 1 and 3 relative to the smooth control (Figure 3). Gene expression of 
TNF-α on grooved substrates increased in time up to a significant difference relative to 
the smooth control at day 3. Relative gene expression of the wound-healing cytokine 
IL-10 on grooved substrates was downregulated at day 1, but increased to a similar 
level as the smooth control at day 3. BMP-2 gene expression remained low relative to 
the smooth control and differences in OPN gene expression between the three groove 
pitches were not observed. 
Figure 2. Fluorescence micrographs of fluorescent cells after 2 days. a. Smooth substrate, b. 
150 nm, c. 300 nm and d. 1000 nm pitch Multinucleated cells were observed on all cells (nuclei 
in blue and cytoplasm in red).  
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3.4. In vitro cytokine secretion 
IL-1β and TNF-α secretion was significantly increased on grooved substrates com-
pared to the smooth control, but remained significantly lower than the positive control 
(LPS-activated RAW-macrophages P<0.05; Figure 4 a,b). Moreover, protein secretion 
was groove pitch-specific. At day 2, expression of both IL-1β and TNF-α was signifi-
cantly increased on a groove pitch of 1000 nm, but at day 3 secretion of both proteins 
was decreased on the 1000 nm pitch, while the secretion of both proteins was greatly 
enhanced on grooves with a pitch of 150 nm (4.5-fold and 2.5-fold respectively). 
The nanogrooves affected OPN secretion differently. At both time points, OPN se-
cretion was significantly increased on the 300 nm pitch relative to the smooth control. 
On the other hand, OPN secretion was significantly lower on the 150 nm pitch than the 
smooth control. After three days of culture, OPN secretion was always lower on all 
studied groove patterns compared with the positive control.  
Secretion of the cytokines IL-10, TGF-β and BMP-2 by RAW-macrophages on all 
studied substrates was too low to be measured quantitatively in the in vitro assay. In 
addition to the secreted fractions, intracellular cytokine levels were measured, but no 
detectible amounts  were measured at all incubation times, which was probably due to 
too low cell numbers. 
Immunofluorescence imaging of the analyzed proteins confirmed the influence of 
nanogrooves on cytokine production by macrophages, although less prominent than 
suggested by the protein secretion data (Figure 4 c). IL-1β expression was increased 
Figure 3. Influence of surface nanotopography on specific gene expression by macrophages at 
the time points a. 1 day and b. 3 days. Effects of the groove dimensions (150 nm, 300 nm and 
1.0µm) on gene expression of TNF-α, IL1β, TGF-β, IL10, BMP-2 and OPN by macrophages 
was relative to the smooth substrate. Data are expressed as 2-ΔΔCt and 95% confidence inter-
val, n=5. Values were normalized to GAPDH. * P<0.05 with smooth control. 
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on grooves with a pitch of 150 nm and 300 nm. In addition, TNF-α expression was 
upregulated on all grooves relative to the smooth control. 
3.5. In vivo subcutaneous implantation in mice  
Post surgery, all animals appeared to be in good health. Almost all wounds closed 
without visible complications and mice gained weight throughout the experiment. Fi-
nally, 43 implants and exudates were collected. Five cages were excluded from the 
experiment as animals showed signs of irritations and scratching leading to the onset 
Figure 4. Influence of surface nanotopography on protein level. a, b. IL-1β, TNF-α and OPN 
secretion by macrophages on grooves (pitches: 1000 nm, 300 nm, 150 nm), the positive (LPS) 
control and smooth substrate after a. 2 and b. 3 days. Protein secretion was quantified to the 
DNA concentration in the samples. Data are expressed as mean ± 95% confidence interval, 
n=5, * P<0.05 with smooth control. c. Immunofluorescence images at three days showing 
macrophages expressing the proteins Il-1β (red), TNF-α (green), OPN (green) and BMP-2 (red) 
on nanogrooved substrates. 
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of extrusion of the cages. All the cages were surrounded by a fibrous capsule, while 
the experimental substrates remained loose inside the cages without adhering fibrous 
tissue. Exudates, were very diverse in appearance; some exudates were very turbid 
and contained many erythrocytes, while other exudates were transparent and yellow. 
3.6. In vivo cell morphology 
After removal of the cages, CLSM analysis revealed that the substrate surfaces 
were mainly occupied with fibroblasts, which were aligned towards grooves down to a 
300 nm pitch (Figure 5a-d). 
Quantification of cell adhesion demonstrated a significant increase in cell number 
on grooved substrates compared to the smooth control (Figure 5e).  Quantification of 
multinucleated cells was performed by counting the number of green fluorescent cells 
containing >2 nuclei. Multinucleated cells were mainly found at the edges (from edge 
Figure 5. In vivo cellular adhesion to Ti-substrates with a pitch of a. 1000 nm, b. 300 nm, c. 
150 nm or d. planar substrate at day 14. Cells on a pitch of 1000 and 300 nm were aligned to 
the substrates. Asterisks represent multinucleated cells. Scale bar: 50 µm. e. Density of total 
cell adhesion and f. foreign body giant cells nanopatterned substrates and the planar substrate. 
Substrates with a 300 nm pitch induced the highest cell adhesion, whereas most multinucleated 
cells were found on a 1000 nm pitch. Data are expressed as mean ± 95% confidence interval, 
n=3, * P<0.05 with smooth control. 
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to ±100 µm inward) of the specimens and were not observed in the central area of the 
substrate surfaces. The highest number of multinucleated cells was found on the 1000 
nm pitch and lowest number on the smooth control (Figure 5f). In addition to adherent 
cells, the amount of non-adherent cells from the exudates was analyzed by total pro-
tein quantification and was found to be approximately 21 mg/mL for all substrates. No 
significant differences in protein concentration were observed between the Ti-grooved 
substrates and the smooth control, but a significant increase was observed for the PS 
substrate compared to the smooth control (P<0.05). 
3.7. In vivo gene expression 
Gene expression analysis demonstrated that cells were activated specifically by 
nanopatterns compared with the smooth control (Figure 6a). Genes coding for TNF-α, 
IL-1β, TGF-β and OPN were significantly upregulated on all three groove patterns. 
Comparison of empty cages with the smooth control demonstrated no significant dif-
ferences in gene expression. On the other hand, comparison of gene expression be-
tween the smooth control and the PS-substrate revealed that expression of the genes 
TNF-α and IL-1β was highly upregulated on the PS-substrates (19-fold and 10-fold 
respectively) indicating a different response of inflammatory cells to PS than to Ti-
coated silicon/native oxide samples. 
Figure 6. a. Influence of surface topography on gene expression by immune cells in vivo at 14 
days. Effects of the groove dimensions (150 nm, 300 nm and 1.0µm) on gene expression of 
TNF-α, IL1β, TGF-β, IL10, BMP-2 and OPN was determined relative to the smooth substrate. 
Data are expressed as 2-DDCt and 95% confidence interval, n=8. Values were normalized to 
GAPDH. * P<0.05 with smooth control. b. IL-1β, TNF-α and OPN secretion by cells in the pres-
ence to the grooves (pitches: 1000 nm, 300 nm, 150 nm), the positive (PS) control and smooth 
substrate Protein secretion was quantified to the cellular protein content in the samples. Data 
are expressed as mean ± 95% confidence interval, n=8,  * P<0.05 with smooth control. 
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3.8. In vivo protein secretion 
Analysis of the protein secretion by ELISA, demonstrated no significant differences 
between the different Ti-groove patterns and the smooth control (Figure 6B). How-
ever, secretion of IL-1β, TNF-α and OPN from cells surrounding PS was significantly 
higher than for all Ti-specimens. 
4. Discussion 
Previous studies have already demonstrated that nanoscale topographies affect 
cellular behavior [15-17], but the immune response towards such features has not 
been studied yet. An improved understanding of how nanoscale features affect the 
immune response can aid the design of highly biocompatible materials with an im-
proved and life-long functionality in the host tissue. Therefore, the purpose of this 
study was to determine if, and how, nanogrooves can affect the immune response 
both in vitro and in vivo. The current study clearly demonstrated that the immunologi-
cal response towards a biomaterial surface can be altered by introducing nanoscale 
range grooves. In vitro evaluation of the early immune response demonstrated that 
nanopatterns activate macrophages, resulting in a specific response to individual pat-
tern dimensions already after 24 hours. Both gene expression and protein secretion 
were altered in the presence of nanoscale grooves. A groove-specific effect was 
clearly observed by quantitative analysis of the secreted proteins, but such a quantita-
tive effect was not seen in the gene expression analysis. This discrepancy between 
protein secretion and gene expression may reside in the high protein stability and rela-
tively low mRNA stability, which subsequently affects gene expression [23, 24].
 
Fur-
ther evaluation demonstrated that also the in vivo response of inflammatory cells is 
specifically influenced by the studied nanogrooves. Similar upregulation of gene ex-
pression was observed in the exudate around nanopatterned substrates. However, in 
contrast to protein secretion in vitro, no significant differences in specific protein secre-
tion in vivo were observed between grooved specimens and the smooth control. 
Probably, this is due to the abundant presence of proteins secreted by both adherent 
and non-adherent cells in the exudate, which masks any surface-induced effect. Fur-
thermore, the high diversity of cell populations in the exudate can influence the cyto-
kine secretion profiles [20]. 
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In view of the study design, it has to be explained that to study the immune re-
sponse, both in vitro adherent cells and in vivo exudate cells were analyzed. The data 
showed that after 14 days of subcutaneous implantation, the substrates were mainly 
filled with fibroblasts and only a limited number of macrophages were observed. Also, 
Brodbeck et al. [19], who investigated the chronic immune response to chemical sur-
face modifications, observed a discrepancy in gene expression between adherent and 
exudate cells. Therefore, it was considered to be not useful to fully analyze substrate 
adherent cells for cytokine expression profiles. 
Overall, both in vitro and in vivo results demonstrated that IL-1β and TNF-α expres-
sion were significantly upregulated on all patterned substrates compared to the 
smooth substrate. However, this expression was always significantly lower than for the 
positive controls (LPS in vitro and smooth PS in vivo). It has been confirmed in several 
other studies, that a low expression of both cytokines does not induce a prolonged 
inflammatory but a wound healing response [8, 25].
 
For example, Lange et al. [25] 
demonstrated that IL-1β was upregulated in bone fractures, promoting the differentia-
tion and mineralization potential of pre-osteoblasts.
 
The current study results indicate 
that inflammatory cells may become differently activated upon interaction with 
nanogrooves, compared to LPS/PS activated cells. The polarization of immune cells 
towards either a wound-healing or inflammatory phenotype, should be confirmed for 
example by performing fluorescence absorbed cell sorting (FACS) analysis on macro-
phages using antibodies against the cytokines IL-12 (inflammatory) and IL-10 (wound 
healing) [26]. 
In vivo analysis of implant adherent cells demonstrated that the relative number of 
multinucleated cells (probably foreign body giant cells) on the used substrate surfaces 
(i.e. total number of cells/ number of multinucleated cells) was reduced on a 150 nm 
pitch compared with the 300 nm and 1000 nm pitch. Possibly, macrophages on this 
pattern are more prominently activated to induce the wound healing response, result-
ing in a decreased number of multi-nucleated cells. In contrast, microgrooves have 
been shown to induce fibrous capsule formation [27].
 
The high sensitivity of macro-
phages towards a nanoscale topography was also shown by Wojciak-Stothard et al. 
[28], who demonstrated that macrophages can sense structures down to a depth of 40 
nm.  Alternatively, an increased fraction of the immune cells is replaced by fibroblasts 
after 14 days on a 150 nm pitch, leading to a decreased pro-inflammatory cytokine 
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gene expression. This can result from a different adhesive affinity of cells to substrates 
with specific surface characteristics. The fact that different cell types respond very dif-
ferently to surface topography has been shown by several groups [29-32]. Kunzler et 
al. [31] compared osteoblast and fibroblast adhesion on a gradient with increasing sur-
face roughness and found that fibroblast proliferation rate decreased and osteoblast 
proliferation increased with increasing roughness. In addition, Kubo et al. [30] com-
pared osteoblast and chondrocyte differentiation on two patterns with a different sur-
face roughness and demonstrated that osteoblast differentiation was increased on a 
surface with low roughness, whereas chondrocytic differentiation was increased on a 
rough surface. In this context, the results from the current study suggest that the nano-
scale grooves, and in particular a 150 nm pitch, may specifically induce a wound heal-
ing response rather than a (chronic) inflammatory response. Nevertheless, this theory 
needs to be fully evaluated in a (bone) implantation model. 
In vivo analysis of the exudates showed an induction in the expression of genes 
coding for the cytokines OPN and TGF-β. The precise role of OPN in the immune sys-
tem is not clear, but it is supposed to be very diverse [33]. OPN has been described to 
be involved  in several tissue calcification processes [33-36]. TGF-β is a cytokine that 
induces tissue regenerative processes, such as angiogenesis and the production of 
collagen by fibroblasts [37, 38]. In the currently used subcutaneous animal model, 
OPN as well as TGF-β probably acted either as a chemo attractant or as a promotor of 
fibrosis. The capacity of nanoscale grooves to induce the production of tissue regen-
erative cytokines such as OPN and TGF- β can possibly also aid bone formation. Sev-
eral regulatory roles in  biomineralization of bone tissue have been proposed for OPN, 
i.e. control of bone cell adhesion, osteoclast function and matrix mineralization [33, 
39]. TGF-β is a very potent attractant for pre-osteoblasts and mesenchymal stem cells 
and further promotes bone regeneration by inducing angiogenesis and collagen for-
mation [40]. 
In addition to the specific immune response to nanopatterns in vivo, the presented 
data indicated that different materials can evoke a very different immunological re-
sponse. Although PS is commonly used for in vitro cell culture experiments, Ti-coated 
silicon/native oxide material was selected for an in vivo study, while PS was only used 
as a control material. Bone-implant materials are currently made from titanium for its 
strength, biocompatibility and osteoconductivity in vivo. Polystyrene is, unlike Ti, not 
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biocompatible in vivo and has been described to induce an  increased inflammatory 
response [41]. Comparison of the in vivo cytokine secretion as induced by a smooth Ti 
substrate with the cytokine secretion by a smooth PS substrate confirmed that PS in-
duces a significantly higher inflammatory response than Ti. 
5. Conclusion 
The current study demonstrated, both in vitro and in vivo, that the immune re-
sponse can specifically be controlled by the introduction of nanometric surface tex-
tures. Microscopic observations showed that nanogrooves induced cell adhesion and 
guidance in vivo, whereas only few multinucleated cells were formed, mainly at the 
edges of the implants. In addition, gene expression and protein secretion analyses 
demonstrated that cytokine production was controlled by the applied nanogrooves. 
Therefore, it can be concluded that nanogrooves induce an altered inflammatory 
response and are promising to induce a fast wound healing response and subse-
quently a fast and guided tissue regeneration. 
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1. Introduction 
With the advance of nanotechnology in biomaterials surface science [1], it is essen-
tial that new techniques capable of sub-micron resolution become available to visual-
ize processes that take place at the direct interface between tissue and substrate. 
Conventional techniques such as light microscopy are adequate to visualize proc-
esses that occur at the micrometer scale. However, structural features at the nano-
scale cannot be detected. Transmission electron microscopy (TEM) is appropriate to 
visualize an interface at a much higher resolution, but suffers from several evident 
drawbacks. For example, sample preparation methods are very laborious [2], but more 
importantly fixation and dehydration causes shrinkage and the introduction of artifacts 
in cell morphology [3, 4], Moreover, samples are usually embedded in heat-cured resin 
polymers through which additional artifacts, like cell-substrate detachment, are created 
[5,6], A third, more intrinsic, disadvantage resides in the sectioning method. Since ul-
trathin sections need to be cut from TEM specimens, it is problematic even for an ex-
pert microtomist to locate specific regions of interest (ROI). Finally, it is not possible to 
prepare a series of ultrathin sections from hard biomaterials, like metals or ceramics, 
using conventional ultrathin sectioning. This can be partly overcome by focused ion 
beam (FIB)-milling of e.g. titanium-specimens to obtain a single ultrathin section [5, 6]. 
During last decades, (environmental) scanning electron microscopy (SEM) has 
been optimized to become a versatile technique to visualize cryo-fixed cells [7]. A ma-
jor advantage is that samples are not chemically fixed or dehydrated and consequently 
artifacts in cell morphology are greatly reduced. Also ROIs can be detected very easily 
when the sample is in the microscope. Of course, such SEM is a line of sight tech-
nique by which only the surface can be observed. 
Ideally, the high resolution imaging of cell-substrate interfaces using TEM should 
be combined with the ease of ROI localization as generated with SEM. FIB-SEM en-
ables the cutting of predetermined regions on dehydrated samples by ion beam mill-
ing. The cross sectioned area is subsequently imaged by SEM [8-11]. Whilst the dis-
advantages of TEM are overcome by the use of this technique, without the use of a 
cryo stage cell morphology can still be substantially altered as a consequence of all 
necessary processing steps. For the observation of interactions between tissue and 
micrometer-scale surface topography this is not necessarily a major problem. How-
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ever, for the interpretation of cellular interactions with nanoscale surface topography it 
can misguide assumptions [8].  
Therefore, in this study we present a novel technique, i.e. cryo DualBeam FIB-
SEM, which permits the evaluation of processes that take place at the interface be-
tween hydrated frozen cells and the substrate surface, in high detail [12, 13]. By a 
comparison of the TEM and conventional FIB-SEM techniques, with the current ap-
proach of cryo DualBeam FIB-SEM, the advantages and disadvantages of each tech-
nique were evaluated using a nanometric cell-substrate interface as the test sample. 
2. Materials and methods 
2.1. Nanotextured substrates 
Large scale, uniformly nanogrooved silicon wafers were created using laser inter-
ference lithography (LIL). A setup was used based on the Lloyd‟s interferometer, 
where a regular pattern was produced by interference of an incident laser beam and a 
mirror reflected beam [14]. The period of the interference pattern, and thus of the grat-
ing recorded in the resist layer on the substrate, is given by the equation: P= λ/(2sin ) 
where the period (P) is determined by the wavelength (λ) of the beam source and the 
angle () at which two coherent beams are interfering. With a 266 nm light source, 
periods of 150 nm up to 1000 nm were produced [15]. An optimized anti-reflective 
photoresist layer [15] was spin coated on a silicon wafer. After illumination and devel-
opment of the resist layer, the grating was transferred to the substrate by a reactive 
ion etching process using a Plasmatherm 790 system (Unaxis). An optimized method 
of reactive ion etching using parameters giving anisotropic etch profiles in nanoscale 
was used. SF6:O2 plasma chemistry gave well defined structures transferred on sili-
con. Using this setup, highly regular groove-ridge patterns were produced over areas 
of about 2 × 2 cm
2
. 
2.2. Polystyrene replicas 
The silicon surfaces were not used directly, but served as templates for solvent 
casting. For the production of polystyrene (PS) replicas for cell culture, 0.5 g PS dis-
solved in 3 mL chloroform was casted onto the silicon wafer and the chloroform was 
evaporated. PS rings (2.0 cm ) were glued to substrates using a small amount of 
casting solution to create cell culture dishes. Substrates received a radiofrequency 
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glow-discharge (RFGD; Harrick, Ossining, USA) treatment for 5 minutes at 10
-2
 mbar 
for sterilization and to improve wettability. 
2.3. Cell culture 
Osteoblast-like cells were obtained as described before [16]. Briefly, femurs of 40-
43 day old male Wistar WU rats (approval DEC #2004156), were washed three times 
in alpha Minimal Essential Medium ( MEM; Gibco, Invitrogen Corp., Paisley, Scot-
land) with 0.5 mg/ mL gentamycin and 3  g/ mL fungizone. The epiphyses were re-
moved and the diaphyses were flushed out using cell culture medium containing 10% 
fetal calf serum (Gibco), 50  g/ mL ascorbic acid (Sigma-Aldrich, Zwijndrecht, the 
Netherlands), 10 mM Na-β-glycerophosphate (Sigma), 10-8 M dexametasone (Sigma) 
and 50  g/ mL gentamycin (Gibco). 
After one day, medium was refreshed to remove non-adherent cells. After 7 days 
of primary culture, cells were detached with trypsin/EDTA (0.25% w/v trypsin / 0.02% 
EDTA), seeded onto the substrates at 10
4
 cells/cm
2
 and cultured for either 8 or 16 
days in a humidified atmosphere of 95% air and 5% CO2 at 37  C. 
2.4. Transmission electron microscopy 
 Osteoblast-like cells were washed in PBS, were fixed in 2% glutaraldehyde in 0.1M 
sodium-cacodylate for 5 minutes and then rinsed in 0.1M sodium-cacodylate. Subse-
quently, cells were post-fixed in 1% OsO4 for 60 minutes and dehydrated in a graded 
series of ethanol (5 minutes in 70%, 80%, 90%, 96%, 100% ethanol and finally 100% 
filtered ethanol) and embedded in epoxy resin (Electron microscopy sciences, Hat-
field, USA). The specimens were first incubated overnight in an infiltration mixture of 
1:1 Epoxy resin:EtOH 100%, placed in three changes of pure epoxy resin and then 
incubated overnight in pure epoxy resin. The epoxy resin was polymerized at 65
o
C. 
After polymerization, ultrathin sections of between 120 and 150 nm thickness were cut 
for TEM analysis using a diamond knife (Diatome) and collected on 100 mesh grids 
(Electron microscopy sciences, Hatfield, USA). After drying, sections were stained in 
uranyl acetate for 30 minutes and subsequently in lead citrate for 10 minutes. Sections 
were examined with a JEOL TEM 1010 (JEOL, Nieuw Vennep, the Netherlands). 
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2.5. Conventional focused ion beam-scanning electron microscopy (FIB-SEM) 
Osteoblast-like cells were fixed in 2% glutaraldehyde in 0.1M sodium-cacodylate 
for 5 minutes, washed in 0.1 M sodium-cacodylate and dehydrated in a graded series 
of ethanol (5 minutes in 70%, 80%, 90%, 96%, 100% ethanol and finally 100% filtered 
ethanol). Specimens were then coated with 5nm palladium/gold and inserted in the 
FIB-SEM (FEI, Eindhoven, the Netherlands). ROIs were selected via SEM and inter-
esting positions were coated with 200 nm of platinum to protect the underlying cell 
layer and promote current conduction. Cross-sections of 500 nm depth were made 
using FIB-milling (280pA) and subsequently the sectioned area was polished by an 
extra FIB-milling step with a very low current (93 pA). Specimens were finally ob-
served at an angle of 52
o
 using the SEM mode. 
2.6. Cryo DualBeam FIB-SEM 
Osteoblast-like cells were fixed for 5 minutes in 2% glutaraldehyde in 0.1M sodium
-cacodylate and washed in PBS. The samples were adhered to aluminum stubs and 
the superficial water layer was either „wicked away‟ by using the edge of a filter paper 
disc or cleared by a brief stream of air from a compressed air can. Such samples were 
then immediately plunge-frozen in sub-cooled liquid nitrogen. Samples were then in-
serted into an entry lock at -160
o
C and vacuum was set to 10
-5
 mbar. Surface frost 
was removed by subliming the sample at -90
 o
C for 5 minutes. The samples were then 
gold coated (10 nm thickness) using plasma sputtering and subsequently inserted in 
the microscope chamber maintained at a temperature of -160
o
C. An anti-contaminator 
element in close proximity was maintained at -180
o
C to trap sublimed ice volatile spe-
cies [17]. ROIs were selected via SEM and positions were saved. The selected re-
gions were coated with a thick layer of platinum to protect the underlying cell layer and 
the substrate. Cross-sections were made using a gallium ion FIB using a beam en-
ergy of 30 kV and beam currents between 1-20 nA. Specimens were finally observed 
at an angle of 52
o
 using the SEM. The FIB and SEM steps were performed with an 
FEI  Nova 200 cryo-DualBeam (FEI, Eindhoven, the Netherlands). 
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3. Results and Discussion 
In this study three different methods (i.e. TEM, conventional FIB-SEM and cryo 
DualBeam FIB-SEM) were compared for the visualization of the interface between 
cells and an underlying nanometric structure. For this purpose nanogrooved sub-
strates were created with laser interference lithography (LIL) and subsequent reactive 
ion etching (RIE) [18]. Osteoblast-like cells were cultured for 8 and 16 days on these 
substrates, and subsequently cross-sections were made. 
3.1. Transmission electron microscopy (TEM) 
TEM proved to be an rigorous process where chemical fixation, dehydration and 
epoxy resin embedding totaled 3 days before any attempt to cut usable sections. 
Nonetheless TEM images did display interfacial features well, such as an electron 
dense material (containing calcium and phosphorous [18]) as deposited between the 
cell layers and at the substrate (Figure 1). This electron dense material was observed 
together with collagen-like rods. The images also demonstrated that cells were organ-
ized in multi-layers. Cell internal organelles (nucleus, endoplasmic reticulum (ER), 
Golgi) were well distinguishable. On the other hand, the images showed that several 
artifacts had appeared as a consequence of sample preparation procedures. First, 
after 8 days, evident shrinkage of cells resulted in distinctive open areas between cells 
and between cells and the interface; in addition the extracellular matrix appeared de-
tached. Second, due to the deposition of the matrix layer after 16 days, several re-
gions were not penetrated well with epoxy resin and thus were soft and became rup-
tured during sectioning. Consequently the interface was torn from the substrate at 
these places and cells were damaged. 
Artifacts as demonstrated also complicated the evaluation of delicate morphologi-
cal processes that occur at the interface between cells and the underlying substrates. 
For example, Fig. 1A from the TEM study gives an indication that osteoblasts bridge 
the grooves and do not descend into the grooves, whereas in other studies it has been 
shown that cells adapt their membrane stiffness to their surrounding and are actually 
able to descend into the grooves [19, 20].  
A frequently used specimen preparation technique is cryo-sectioning of unfixed, 
frozen samples, by which dehydration artifacts are overcome [3]. Still, cryo-TEM suf-
fers from some important disadvantages. The specimen size for cryo-sectioning is 
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very small (i.e. <1.5 mm), which makes it very laborious to find an appropriate ROI 
and subsequently to mount the sample properly prior to freezing [21]. In addition, it is 
impossible to embed and prepare sections of hard materials such as ceramics or tita-
nium. 
3.2. Conventional focused ion beam-scanning electron microscopy (FIB-SEM) 
Using conventional FIB-SEM of dried material, similar observations concerning the 
interface between cells and the surface could be made as with TEM. After 8 days, 
Figure 1. Transmission electron micrographs of osteoblast-like cells cultured on nanogrooved 
substrates for 8 days (a,b) or 16 days (c,d). Cells were cultured on grooves with a groove width 
of a. 75 nm; b. 150 nm; c. 300 nm and d. 150 nm. Several problems are observed in the im-
ages. Arrows indicate rupture of specimens due to sectioning. Asterisks indicate cell damage 
due to specimen rupture. Arrowheads indicate cell shrinkage artifacts. C: cell; CaP: calcium and 
phosphorous. 
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cells were partly detached from the surface (Figure 2). In addition, cells could hardly 
be distinguished from the underlying nanogrooves due to a low contrast between the 
cells and substrate. After 16 days of culture on the nanogrooved substrates, cells were 
completely detached from the surface. The space observed between cells mutually 
and between cells and the substrate are probably artifacts as a consequence of dehy-
dration. The intracellular organelles, as well as possible deposited extracellular matrix, 
Figure 2. Scanning electron micrographs of focused ion beam sectioned specimens after 8 
days (a,b) and 16 days (c,d). A region of interest (ROI) was first selected (a), coated with plati-
num and subsequently processed by focused ion beam sectioning. b-d Cross sections demon-
strate that cells were (partly) detached from the nanogrooved substrate (large arrows). Specific 
cell bodies, extracellular matrix and minerals were not distinguished on the micrographs. Au: 
gold; PT: Platinum; c: cell; d: debris (Calcified matrix). 
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were not distinguished. Indefinable debris was observed on the substrate surface, 
only.  
In addition to the current study, several other studies have been performed to ana-
lyze the interface between cells and the underlying patterned substrate by performing 
conventional FIB-SEM on dehydrated samples [8, 10, 22]. In these studies, conven-
tional TEM preparation techniques (i.e. aldehyde and osmium tetroxide fixation, dehy-
dration and resin embedding) were frequently used to prepare specimens for conven-
tional FIB-SEM. An advantage of this preparation method is that specific morphologi-
cal characteristics of cell structures, recognizable in TEM-sections, can also be ob-
served via SEM [9,22]. Also, a series of FIB sections can be prepared. Lešer et al. [10] 
compared several chemical fixation methods with and without plastic embedding for 
conventional FIB-SEM and demonstrated that organelles were best preserved and 
visualized in osmium tetraoxide fixed and plastic embedded samples. However, since 
the complete specimen is embedded in polymer resin it will be impossible to locate 
ROIs immediately hence, a major advantage of this technique has disappeared. In 
addition, the disadvantages as described for TEM-specimen preparation (i.e. exten-
sive chemical fixation, dehydration and resin embedding) are again introduced by this 
method. 
3.3. Cryo dual beam FIB-SEM 
In order to overcome the disadvantages as observed in the previously described 
methods, FIB-SEM equipped with a cryo stage was used [12, 23]. Initially, a large 
Figure 3. Problems encountered with cryo FIB-SEM. A. During the freezing process a lot of ice 
was formed at the substrate surface, even after sublimation ice remained at the surface. (B and 
C) FIB-processing demonstrated the thickness of this ice layer. 
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amount of ice remained on the substrates after plunge freezing (Figure 3). The capil-
lary effect of the nanogrooves on the substrates made it especially difficult to remove 
water from the surface. To overcome this problem, pressured air flow was applied 
over the substrate immediately before plunge freezing. 
Figure 4. Focused ion beam (FIB) sectioned cryo-SEM images of osteoblasts cultured on a 
groove width of 150 nm (49 nm depth). At specific regions as shown in A. sections were made 
using a FIB. Cross-sections were made through filopodia and cell bodies. A cross-section 
through filopodia (B,C) shows that filopodia travel through grooves. A cross-section through cell 
bodies (D) shows that cells descend into the grooves. Furthermore, bright spots are visibly de-
posited inside the grooves, most likely representing calcium and phosphate (CaP). Pt: Plati-
num; Au: Gold; H2O: Water layer; F: Filopodium; C: Cell body M: cell membrane. 
145 
 
7 
Cross-sections were made through two structurally distinct regions in the cells us-
ing FIB (Figure 4). Cross-sections through the filopodial regions showed that filopodia 
descended into the grooves (without the presence of an evident space between 
grooves and filopodium) and also covered ridges. Cross-sections through the cell-
nanogroove interface showed that cells descended into grooves with a width of 150nm 
(49nm depth). Cell membranes were noticeable and substrate texture could be easily 
detected and distinguished from the cells. In addition, also the bright electron reflective 
material was observed at the interface between cells and the substrate inside the 
grooves again. The contrast of this material was higher than expected for water, which 
in polished cross sections presents with low relative contrast. Corroborating previous 
analysis with TEM and EDX confirmed that these deposits are most likely calcium and 
phosphorous [18]. 
Cryo DualBeam FIB-SEM images demonstrated that osteoblasts descend into 
grooves of 150 nm width, whereas previously described techniques (TEM and conven-
tional FIB-SEM) showed that cells did not descend into any of the studied groove di-
mensions. The discrepancy between these results is most likely explained by the de-
hydration (and resin embedding) steps performed in TEM and conventional FIB-SEM 
through which cells shrunk. Minimal shrinkage artifacts of cells on substrates with 
nanometer spacing and depth can result in completely different observations. Also, 
Figure 5. Scanning electron micrographs of the interface between cells and a titanium (Ti) sur-
face. A region was selected (line in a), platinum coated and processed with FIB-milling. The 
cross section (b) shows that the FIB cut through both the cell/ECM layer and the Ti layer. C: 
cell; d: debris; Ti: titanium; arrow: artifacts created during sample dehydration. 
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cell membranes and the substrate nanotexture could be distinguished with cryo Dual-
Beam FIB-SEM, which was not possible with conventional FIB-SEM. This difference is 
explained by the fact that in the cryo-stage the specimen remains hydrated and the 
water molecules in and surrounding cells act as an “amplifier” for original backscat-
tering electrons by which the contrast between regions with a high electron density 
(cells) and regions with a low electron-density (substrate) is enhanced [24]. 
As a side note, it should be mentioned that for the cryo DualBeam study, cells were 
fixed at the Nijmegen Laboratory and subsequently dispatched to the microscope facil-
ity in Coleraine. If freshly frozen unfixed samples are used, preservation and image 
quality could be enhanced further. However, facilities with specialized equipment like 
the cryo DualBeam FIB-SEM are unique and it was not possible to perform a study 
with such samples. 
There is however, a disadvantage in the cryo DualBeam FIB-SEM technique. 
Unlike TEM, ultrastructural cellular details in cryo DualBeam FIB-SEM were not well 
displayed whilst within the milled ice wall. Part of this problem can be overcome by ice 
sublimation after FIB milling [12, 13, 22]. With this method, the specimen is heated to 
sublime surface water and enhance the contrast by producing a surface relief. How-
ever ultrastructural information relative to TEM (where intensive staining is used) re-
mains limited also after sublimation. Therefore, TEM is still the preferred method for 
the observation of fine intracellular details [5]. 
In the current study, samples were analyzed on soft (polystyrene) material which 
can be easily cut for TEM with a diamond sectioning knife. For the analysis of hard 
substrate materials like Ti, or biological material such as bone, TEM is not a suitable 
method since it cannot be sectioned by normal ultramicrotomy. Therefore, a method 
like FIB-SEM is more suitable (Fig. 5). Recently, Edwards et al. [5] and the group of 
Palmquist [6, 11] proposed an alternative method to prepare ultrathin TEM cross sec-
tions through tissue and hard materials by using cryo-FIB. Material surrounding the 
ROI was first selectively removed at both sides, an ultrathin ROI section of 100 nm 
was isolated using a specific lift off system and was finally placed on a TEM grid. 
Specimens were selectively isolated, by which an important disadvantage usually en-
countered with TEM is overcome. Then again, since at both sides material is removed, 
therefore only a single section can be visualized instead of the usual series of sec-
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tions. In addition, the tissue is usually damaged due to the use of FIB at both sides of 
the ultrathin sections and ultrastructural details are difficult to observe [5].  
4. Conclusion 
The results show that the three described techniques (TEM, conventional FIB-SEM 
and cryo DualBeam FIB-SEM) have proven to be complementary for the evaluation of 
processes that take place at the interface between tissue and substrate. For the ob-
servation of ultrastructural details TEM proves to be more useful method than (cryo) 
FIB-SEM, as organelles, membranes and extracellular matrix products were visualized 
in highest detail. An advantage of conventional FIB-SEM resides in the ease of speci-
men handling, as specimens are dehydrated and subsequently can be either immedi-
ately observed or stored for a prolonged time. However, the interpretation of extracel-
lular material and spatial interpretation of cell-cell interactions is unreliable due to 
small imaging volume, shrinkage of the soft organic material and possible displace-
ment of some components due to sectioning. Cryo DualBeam FIB-SEM circumvents 
such problems and particularly at interfaces. In addition, serial exposed faces can be 
prepared to study fine details at the fragile junction between cells and hard materials. 
 
 
 
 
 
 
 
 
 
 
 
 
148 
 
5. References 
[1] Dalby MJ, Gadegaard N, Tare R, Andar A, Riehle MO, Herzyk P et al. The control of human mes-
enchymal cell differentiation using nanoscale symmetry and disorder. Nat Mater 2007; 6(12):997-
1003. 
[2] Guimaraes FS, de Oliveira SM, de Oliveira CC, Donatti L, Buchi DF. A shorter fixation protocol for 
transmission electron microscopy: an alternative to spend less time. Ultrastruct Pathol 2009; 33
(4):169-174. 
[3] Mobius W. Cryopreparation of biological specimens for immunoelectron microscopy. Ann Anat 
2009; 191(3):231-247. 
[4] Mollenhauer HH. Artifacts Caused by Dehydration and Epoxy Embedding in Transmission Elec-
tron-Microscopy. Microscopy Research and Technique 1993; 26(6):496-512. 
[5] Edwards HK, Fay MW, Anderson SI, Scotchford CA, Grant DM, Brown PD. An appraisal of ultra-
microtomy, FIBSEM and cryogenic FIBSEM techniques for the sectioning of biological cells on 
titanium substrates for TEM investigation. J Microsc 2009; 234(1):16-25. 
[6] Palmquist A, Lindberg F, Emanuelsson L, Branemark R, Engqvist H, Thomsen P. Morphological 
Studies on Machined Implants of Commercially Pure Titanium and Titanium Alloy (Ti6Al4V) in the 
Rabbit. Journal of Biomedical Materials Research Part B-Applied Biomaterials 2009; 91B(1):309-
319. 
[7] Erlandsen SL, Ottenwaelter C, Frethem C, Chen Y. Cryo field emission scanning electron micros-
copy. Biotechniques 2001; 31(2):300-305. 
[8] Martinez E, Engel E, Lopez-Iglesias C, Mills CA, Planell JA, Samitier J. Focused ion beam/
scanning electron microscopy characterization of cell behavior on polymer micro-/nanopatterned 
substrates: A study of cell-substrate interactions. Micron 2007. 
[9] Drobne D, Milani M, Leser V, Tatti F, Zrimec A, Znidarsic N et al. Imaging of intracellular spherical 
lamellar structures and tissue gross morphology by a focused ion beam/scanning electron micro-
scope (FIB/SEM). Ultramicroscopy 2008; 108(7):663-670. 
[10]  Leser V, Drobne D, Pipan Z, Milani M, Tatti F. Comparison of different preparation methods of 
biological samples for FIB milling and SEM investigation. Journal of Microscopy-Oxford 2009; 233
(2):309-319. 
[11] Engqvist H, Botton GA, Couillard M, Mohammadi S, Malmstrom J, Emanuelsson L et al. A novel 
tool for high-resolution transmission electron microscopy of intact interfaces between bone and 
metallic implants. J Biomed Mater Res A 2006; 78(1):20-24. 
[12] Lewis AC, Ladon D, Heard PJ, Peto L, Learmonth I. The role of the surface chemistry of CoCr 
alloy particles in the phagocytosis and DNA damage of fibroblast cells. J Biomed Mater Res A 
2007; 82(2):363-372. 
[13] Hayles MF, Stokes DJ, Phifer D, Findlay KC. A technique for improved focused ion beam milling 
of cryo-prepared life science specimens. J Microsc 2007; 226(Pt 3):263-269. 
 [14] van Soest FJ, van Wolferen HAGM, Hoekstra HJWM, de Ridder RM, Worhoff K, Lambeck PV. 
Laser interference lithography with highly accurate interferometric alignment. Japanese Journal of 
Applied Physics Part 1-Regular Papers Brief Communications & Review Papers 2005; 44
(9A):6568-6570. 
[15] Luttge R, van Wolferen HAGM, Abelmann L. Laser interferometric nanolithography using a new 
positive chemical amplified resist. Journal of Vacuum Science & Technology B 2007; 25(6):2476-
2480. 
[16] Maniatopoulos C, Sodek J, Melcher AH. Bone formation in vitro by stromal cells obtained from 
bone marrow of young adult rats. Cell Tissue Res 1988; 254(2):317-330. 
[17] Stokes DJ, Mugnier JY, Clarke CJ. Static and dynamic experiments in cryo-electron microscopy: 
comparative observations using high-vacuum, low-voltage and low-vacuum SEM. Journal of Mi-
croscopy-Oxford 2004; 213:198-204. 
149 
 
7 
[18] Lamers E, Walboomers XF, Domanski M, Te RJ, van Delft FCMJM, Luttge R et al. The influence 
of nanoscale grooved substrates on osteoblast behavior and extracellular matrix deposition. Bio-
materials 2010; 31(12):3307-3316. 
[19] Janmey PA, Winer JP, Murray ME, Wen Q. The Hard Life of Soft Cells. Cell Motility and the Cy-
toskeleton 2009; 66(8):597-605. 
[20] Solon J, Levental I, Sengupta K, Georges PC, Janmey PA. Fibroblast adaptation and stiffness 
matching to soft elastic substrates. Biophysical Journal 2007; 93(12):4453-4461. 
[21] Costello MJ. Cryo-electron microscopy of biological samples. Ultrastruct Pathol 2006; 30(5):361-
371. 
[22] Heymann JA, Hayles M, Gestmann I, Giannuzzi LA, Lich B, Subramaniam S. Site-specific 3D 
imaging of cells and tissues with a dual beam microscope. J Struct Biol 2006; 155(1):63-73. 
[23] Martinez E, Engel E, Lopez-Iglesias C, Mills CA, Planell JA, Samitier J. Focused ion beam/
scanning electron microscopy characterization of cell behavior on polymer micro-/nanopatterned 
substrates: a study of cell-substrate interactions. Micron 2008; 39(2):111-116. 
[24] Muscariello L, Rosso F, Marino G, Giordano A, Barbarisi M, Cafiero G et al. A critical overview of 
ESEM applications in the biological field. J Cell Physiol 2005; 205(3):328-334. 
 
 
 
 
 
150 
 
151 
 
8 
8 
 
Summary, closing remarks                    
and future perspectives 
 
 
 
 
 
 
 
 
152 
 
1. Summary and address to the aims 
Due to the ageing of our population, modern medicine is continuously searching 
for new ways to improve curative approaches to a wide variety of diseases. One very 
potent way to possibly achieve improvement of current methods, is the use of 
nanotechnology. Therefore, research in many fields of medicine (e.g. oncology, cardi-
ology, neurology, orthopedics, dentistry) is now focusing on the application of 
nanotechnology. This holds also true for the tissue engineering field, which aims to 
regenerate or replace affected, diseased or even missing tissues or organs.  
Especially orthopedic and oral prostheses and implants are a fast growing market 
in medical health care. Despite the amount of research, clinical success rates for bone 
implantation procedures are sometimes disappointing due to the lack of biofunctional-
ity of implants. Recently, it has been proposed that the application of nanoscale fea-
tures on implantable biomaterials may improve the clinical effectiveness. By the appli-
cation of such nanoscale features, the natural bone environment is mimicked, which 
may lead to an improved tissue response towards the implanted biomaterial. Cells are 
known to be very sensitive to their immediate environment and recognize surface al-
terations often leading to changes in both cell morphology, motility and fate. Control-
ling such cellular responses at the interface between the bone environment and the 
biomaterial will result in an optimal response that is characterized by fast tissue regen-
eration and a maximum performance within the target tissue. This thesis gives a de-
tailed overview of how organized surface modifications at the nanometer scale can 
affect osteoblast behavior and even differentiation. This summary briefly describes the 
main findings of the research questions addressed in the first chapter. 
1. Which techniques are available for the production of a nanoscale topography for 
biological purposes and what is the current knowledge on the biological response 
towards a nanoscale topography? 
All implants will provoke a low level of inflammatory response upon implantation in 
a bone environment. This can result in side effects that are not detrimental for the im-
plant, but at a long term will lead to the clinical failure. Therefore, it would be desirable 
that a symbiosis is established between the implant and surrounding tissue immedi-
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ately after implantation, resulting in a minimal inflammatory response. It is expected 
that nanotechnology might provide a solution to establish this symbiosis. In chapter 2 
we first discussed the relevant biological processes that occur at the implant interface; 
then provided an overview of biomaterial properties relevant for a prolonged lifespan; 
thirdly discussed the importance of nanotechnology in implantology and gave a short 
overview of the initial studies on biomaterial  (micrometer) surface topographies. Fi-
nally, we focused on the current applications to produce a wide variety of nanoscale 
topographies on implant biomaterials, such as a random topography, semi-ordered 
topography and an organized topography. From this review we conclude that whereas 
a lot of research has been performed to the biological effect of nanopatterning, still a 
lot of  uncertainty on the exact effect of nanotopographies on cellular responses exists. 
Possibly, a combination of several (nano)topographical characteristics will induce an 
optimal bone response towards implants. In the end, only in vivo research can answer 
the question whether implant nanototextures can improve the implant biocompatibility. 
2. How are osteoblast morphology and differentiation as well as mineral deposition 
affected by the application of nanoscale grooves? 
To fight bone diseases characterized by poor bone quality like osteoporosis and 
osteoarthritis, as well as in reconstructive surgery, there is a need for a new genera-
tion of implantable biomaterials. It is envisioned that implant surfaces can be improved 
by mimicking the natural extracellular matrix of bone tissue, which is highly a organ-
ized nano-composite. In chapter 3 we aimed to get a better understanding of os-
teoblast response to nanometric grooved substrates varying in height, width and spac-
ing. A throughput screening biochip was created using electron beam lithography. 
Subsequently, uniform large-scale nanogrooved substrates were created using laser 
interference lithography and reactive ion etching. Results showed that osteoblasts 
were responsive to nanopatterns down to 75 nm in width and 33 nm in depth. SEM 
and TEM studies showed that an osteoblast-driven calcium phosphate (CaP) minerali-
zation was observed to follow the surface pattern dimensions. Strikingly, aligned min-
eralization was found on even smaller nanopatterns of 50 nm in width and 17 nm in 
depth. A single cell based approach for real time PCR demonstrated that osteoblast-
specific gene expression was increased on nanopatterns relative to a smooth control. 
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The results indicate that nanogrooves can be a very promising tool to direct the bone 
response at the interface between an implant and the bone tissue. 
3. What is the influence of specific nanoscale surface characteristics such as (an)
isotropy, pattern shape, width, depth and ridge-groove ratio on osteoblast morphol-
ogy, motility and focal adhesion maturation? 
The natural environment of a living cell is not only organized on a micrometer, but 
also on a nanometer scale. Mimicking such a nanoscale topography in implantable 
biomaterials is critical to guide cellular behavior. Also, a correct positioning of cells on 
biomaterials is supposed to be very important for promoting wound healing and tissue 
regeneration. The exact mechanism by which nanotextures can control cellular behav-
ior are thus far not well understood and it is thus far unknown how cells recognize and 
respond to certain surface patterns, whereas a directed response appears to be ab-
sent on other pattern types. Focal adhesions (FAs) are known to be involved in the 
process of specific pattern recognition and subsequent response by cells. In chapter 
4, we used a high throughput screening “Biochip” containing 40 different nanopatterns 
to evaluate the influence of several nanotopographical cues like depth, width, (an)
isotropy and spacing (ridge-groove ratio) on osteoblast behavior. Microscopical analy-
sis and time lapse imaging revealed that an isotropic topography did not alter cell mor-
phology, but it highly induced cell motility. Cells cultured on anisotropic topographies 
on the other hand, were highly elongated and aligned. Time-lapse imaging revealed 
that cell motility is highly dependent on the ridge-groove ratio of anisotropic patterns. 
The highest motility was observed on grooves with a ratio of 1:3, whereas the lowest 
motility was observed on a ratios of 1:1 and 3:1. FA measurements demonstrated that 
FA-length decreased with increasing motility. From the study it can be concluded that 
osteoblast behavior is tightly controlled by nanometer surface features. 
4. What influence do nanogrooves have on osteoblast adhesion and directional mi-
gration? 
Organized nanotopography mimicking the natural extracellular matrix, can be used 
to control morphology, cell motility, and differentiation. However, it is still unknown to 
which pattern sizes cells preferentially adhere and subsequently migrate. Both initial 
adhesion and preferential cell migration may be important to initiate and increase cell 
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locomotion and coverage with cells, and thus achieve an enhanced wound healing 
response around an implantable material. In chapter 6 we evaluated how MC3T3-E1 
osteoblast initial adhesion and directional migration are influenced by nanogrooves 
with pitches ranging from 150 nm up to 1000 nm. In this study, we used a multi-
patterned substrate with five different groove patterns and a smooth area with either a 
concentrical or radial orientation. Initial cell adhesion measurements after 10 seconds 
were performed using atomic force spectroscopy-assisted single cell-force spectros-
copy, and demonstrated that nascent cell adhesion was highly induced by a 600 nm 
pitch and reduced by a 150 nm pitch. Addition of RGD peptide significantly reduced 
adhesion, indicating that integrins and cell adhesive proteins (e.g. fibronectin or vi-
tronectin) are key factors in specific cell adhesion on nanogrooved substrates. Also 
cell migration was highly dependent on the groove pitch; the highest directional migra-
tion parallel to the grooves was observed on a 600 nm pitch, whereas a 150 nm pitch 
restrained directional cell migration. From this study, we conclude that grooves with a 
pitch of 600 nm may be favourable to enhance fast wound closure, thereby promoting 
tissue regeneration. 
5. Can inflammatory responses be controlled by the application of nanoscale 
grooves? 
The immune response towards an implanted biomaterial is orchestrated by macro-
phages. In chapter 6, various nanogrooved patterns were created using laser interfer-
ence lithography and reactive ion etching. The created nanogrooves mimic the natural 
extra cellular matrix environment. Macrophage cell culture demonstrated that inter-
leukin 1β and TNF-α cytokine production were upregulated on nanogrooved sub-
strates. In vivo subcutaneous implantation in a validated mouse cage model for 14 
days demonstrated that nanogrooves enhanced and guided cell adhesion, while few 
multinucleated cells were formed. In agreement with the in vitro results, cytokine pro-
duction was found to be nanogroove-dependent, as interleukin 1β, TNF-α, TGF-β and 
osteopontin became upregulated. The results indicate that biomaterial surface textur-
ing, especially at the nanometric scale, can be used to control macrophage activation 
in order to induce a wound healing rather than a profound inflammatory response. 
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6. What are the advantages and disadvantages of ultramiscroscopical techniques for 
imaging of the interface between biomaterials and cells, and is the new technique 
cryo-DualBeam FIB-SEM suitable for imaging the interface? 
With the advance of nanotechnology in biomaterials science and tissue engineer-
ing, it is essential that new techniques become available to visualize processes that 
take place at the direct interface between tissue and scaffold materials. In chapter 7, 
a cryo DualBeam scanning electron microscope (FIB-SEM) was used as a novel ap-
proach to visualize the interactions between frozen hydrated cells and nanometric 
structures in high detail. Through a comparison of images acquired with transmission 
electron microscopy (TEM), conventional FIB-SEM operated at ambient temperature 
and cryo DualBeam FIB-SEM, the advantages and disadvantages of each technique 
were evaluated. Ultrastructural details of both (extra)cellular components and cell or-
ganelles were best visualized with TEM. However, processing artifacts such as shrink-
age of cells at the substrate interface were introduced in both TEM and conventional 
FIB-SEM. In addition, the cellular contrast in conventional FIB-SEM was low; conse-
quently cells were difficult to distinguish from the adjoining substrate. Cryo DualBeam 
FIB-SEM did preserve (extra)cellular details like the contour, cell membrane and min-
eralized matrix. The three described techniques have proven to be complementary for 
the evaluation of processes that take place at the interface between tissue and sub-
strate. 
2. Closing remarks and future perspectives 
In this thesis, the responses of osteoblasts and immune cells to a wide variety of 
nanoscale features mimicking the natural extracellular matrix were extensively evalu-
ated. The results from these studies demonstrated that osteoblasts recognize the 
smallest changes in nanopattern dimensions and distribution, resulting in altered ad-
hesion, morphology, movement and capacity to differentiate. From a cellular point of 
view, especially groove patterns with widths in the range of 200 < 400 nm seemed 
very promising for induction of fast wound healing for several reasons. Initial adhe-
sion, motility and directional migration are highly enhanced on a groove width of 300 
nm. This may result in preferable cell adhesion and a fast coverage of an  implant sur-
face by osteoblasts. Osteoblast differentiation was highly increased on a groove width 
157 
 
8 
of 500 nm compared to 150 nm. This may result in an enhanced wound closure and 
bone regeneration at the implant surface.  
Whereas in vitro results are promising, one most challenging issue remains, i.e. in 
vivo studies should be performed to confirm these in vitro results. Several animal stud-
ies on the bone response towards nanotextured implants are currently ongoing and 
the results from these study should answer whether nanotextures can indeed enhance 
the implant-bone response and improve long-term implant stability. 
Another point of interest is the shape of the nanotextures. In this thesis the influ-
ence of nanogrooves on osteoblast behavior was evaluated. However, in chapter 3 
we demonstrated that osteoblasts can respond very differently to alternative patterns 
and even to grooves with different ratios or depths. Other groups also demonstrated 
that for example nanopits can induce osteoblast differentiation from stem cells inde-
pendent of other environmental factors. Thus, a combination of different forms and 
types of textures, or even combining micro- with nanotexturing, may further enhance 
the bone regenerative capacity of implants. 
Finally, the production of nanotextures on actual clinically applied implants brings 
about many challenges. First, producing nanotextures over a large area is still a time 
consuming and expensive process. At this moment new techniques, such as the laser 
interference lithography (LIL) described in this thesis have been developed to over-
come this problem. Still LIL has an important disadvantage as it is impossible to pro-
duce nanotextures below 100 nm into titanium. Second, LIL is only suitable to create 
either nanogrooves or nanopits, whereas the production of more complex structures 
on a large area thus far is not possible. Finally and probably most importantly, at the 
moment it is not possible to imprint an organized array of nanotextures in concave and 
convex shaped biomaterials, such as dental implants. Therefore, currently existing 
techniques need either to be optimized or new techniques will have to be developed 
that are capable of producing nanotextures on complex surfaces. 
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1. Samenvatting en evaluatie van de doelstellingen 
Door de vergrijzing van onze samenleving is de moderne medische wereld continu 
op zoek naar nieuwe manieren om de gezondheidszorg te verbeteren. Het gebruik 
van nanotechnologie lijkt een veel belovende manier om dit te bewerkstelligen. Daar-
om richt het onderzoek in vele medische velden (bijv. oncologie, cardiologie, neurolo-
gie, orthopedie en tandheelkunde) zich op de toepassing van nanotechnologie. Deze 
ontwikkeling vindt tevens plaats in het tissue engineering onderzoek, waarbij het doel 
is om defecte, zieke of zelfs ontbrekende weefsels of organen te vervangen. 
Met name orthopedische en tandheelkundige protheses en implantaten vormen 
een snel groeiende markt in de medische gezondheidszorg. Ondanks uitgebreid on-
derzoek naar botimplantaten vallen de klinische uitkomsten regelmatig tegen, met 
name als gevolg van het ontbreken van de biofunctionaliteit van het implantaat in de 
botomgeving. Daarom is recentelijk een hypothese opgesteld waarin de toepassing 
van een topografie in de nanometer schaal de klinische effectiviteit kan verbeteren. 
Met de toepassing van een nanotopografie wordt de natuurlijke botomgeving geïmi-
teerd, wat vervolgens kan leiden tot een verbeterde weefselreactie naar het geïmplan-
teerde biomateriaal. Het is bekend dat cellen zeer gevoelig zijn voor de directe omge-
ving en kunnen reageren op veranderingen in oppervlaktetopografie. Dit resulteert 
vervolgens in een aanpassing van de celmorfologie, celmotiliteit en het lot van de cel. 
De mogelijkheid om celgedrag tussen het implantaatoppervlak en de directe botomge-
ving te controleren kan leiden tot een optimale respons welke is gekarakteriseerd door 
een snelle botregeneratie en een maximale functie van het implantaat in het weefsel. 
Dit proefschrift geeft een gedetailleerd overzicht van de invloed van oppervlaktemodi-
ficaties in de nanometer schaal op osteoblast gedrag en differentiatie. Deze samen-
vatting beschrijft de belangrijkste resultaten van de doelstellingen, zoals beschreven 
in het eerste hoofdstuk. 
1. Welke technieken zijn er beschikbaar voor de productie van een nanotopografie 
voor biologische toepassingen en wat is er momenteel bekend over de biologische 
respons op een specifieke nanotopografie? 
In principe veroorzaken alle implantaten een minimale ontstekingsreactie na im-
plantatie in een botomgeving. Dit kan resulteren in bijwerkingen die niet destructief 
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zijn voor het implantaat, maar uiteindelijk op de lange termijn wel zullen leiden tot een 
klinisch falen. Derhalve is het wenselijk dat er direct na implantatie een symbiose 
wordt gevormd tussen het implantaat en het omliggende weefsel, wat resulteert in een 
minimale ontstekingsreactie. De verwachting is dat met behulp van nanotechnologie 
deze symbiose kan worden gecreëerd. In hoofdstuk 2 bespraken we eerst de rele-
vante biologische processen die plaatshebben in de interface tussen het implantaat 
en de botomgeving; vervolgens werd er een overzicht gegeven van de eigenschappen 
die een biomateriaal moet bezitten om de overlevingskans te verbeteren; als derde 
werd het belang van nanotechnologie in implantologie bediscussieerd en werd er een 
kort overzicht gegeven van de initiële studies naar de (micrometer) topografie op bio-
materialen. Ten slotte bespraken we de huidige toepassingen om een grote variëteit 
aan nanotopografische oppervlakken te creëren, zoals een willekeurige topografie, 
semigeorganiseerde topografie en een georganiseerde topografie. Uit dit review con-
cludeerden wij dat ondanks dat er reeds veel onderzoek is uitgevoerd naar het biologi-
sche effect van nanotopografie, er nog steeds veel onduidelijk is over het exacte ef-
fect van nanotexturen op celgedrag. Mogelijk veroorzaakt een combinatie van ver-
schillende (nano)topografische eigenschappen een optimale botrespons naar implan-
taten. Uiteindelijk kan alleen in vivo onderzoek de vraag beantwoorden of nanotextu-
ren op implantaten de biocompabiliteit kan verbeteren. 
2. Hoe worden osteoblast morfologie en differentiatie alsmede mineraal depositie 
beïnvloed door nanometrische groeven? 
Om botziekten gekarakteriseerd door een slechte botkwaliteit zoals osteoporose 
en osteoartritis tegen te gaan, alsmede in reconstructieve chirurgie, is er een nood-
zaak voor een nieuwe generatie van implanteerbare biomaterialen. Momenteel wordt 
verondersteld dat implantaatoppervlakten kunnen worden verbeterd door het naboot-
sen van de natuurlijke extracellulaire matrix van bot, welke een zeer georganiseerd 
nanocomposiet is. Het doel van hoofdstuk 3 was om de osteoblast respons op nano-
metrische groeven variërend in hoogte en breedte beter te begrijpen. Een high 
throughput screening biochip was geproduceerd met electron beam lithografie. Ver-
volgens werden nanogroeven op een groot oppervlak uniform geproduceerd met be-
hulp van laser interference lithografie en reactive ion etching. De resultaten toonden 
aan dat osteoblasten reageren op nanometrische groeven met een minimale breedte 
162 
 
van 75 nm en een diepte van 33 nm. SEM en TEM analyses toonden aan dat osteo-
blast gedreven calcium fosfaat (CaP) mineralisatie de groef oriëntatie volgt. Het was 
echter opvallend dat deze mineralisatie zelfs was georiënteerd op kleinere groeven 
van 50 nm breedte en 17 nm diepte. Een single-cell gebaseerde kwantitatieve QPCR 
toonde aan dat osteoblast specifieke genexpressie was verhoogd op nanotexturen ten 
opzichte van een gladde controle. De resultaten gaven een duidelijke indicatie dat 
nanogroeven veelbelovend zijn om de botrespons te sturen bij de interface tussen een 
implantaat en het botweefsel. 
3. Wat is de invloed van specifieke nanometrische oppervlakte karakteristieken zoals 
(an)isotropie, patroon vorm, breedte, diepte en groef-top ratio op osteoblast morfo-
logie, motiliteit en focale adhesie maturatie? 
De natuurlijke omgeving van een levende cel is niet alleen georganiseerd in de 
micrometer schaal, maar ook op een nanometer niveau. Het nabootsen van deze na-
nometrische structuur op implanteerbare biomaterialen is essentieel om cel gedrag te 
sturen. Ook wordt verondersteld dat het correct positioneren van cellen op biomateria-
len zeer belangrijk is om wondgenezing en weefsel regeneratie te bevorderen. Het 
exacte mechanisme waardoor nanotexturen het celgedrag kunnen controleren is nog 
onduidelijk en het is tot op heden nog onbekend hoe cellen bepaalde patronen her-
kennen en er vervolgens op reageren, terwijl een gestuurde reactie afwezig lijkt bij 
andere patronen. Het is reeds bekend dat focale adhesies (FAs) betrokken zijn in het 
proces van specifieke patroonherkenning en de resulterende cellulaire respons. Hoof-
stuk 4 beschrijft het gebruik van een high throughput screening biochip met 40 ver-
schillende nanometer patronen om de invloed van verschillende nanometrische op-
pervlakte karakteristieken zoals (an)isotropie, patroon vorm, breedte, diepte en top-
groef ratio op osteoblast gedrag te bestuderen. Microscopische analyse en time-lapse 
imaging toonden aan dat een isotropische topografie celmorfologie niet veranderde, 
terwijl celmotiliteit sterk werd verhoogd. Cellen gekweekt op anisotropische oppervlak-
ken waren sterk verlengd en parallel georiënteerd aan de groeven. Time-lapse ima-
ging toonde aan dat celmotiliteit sterk afhankelijk was van de top-groef ratio van 
anisotrope patronen. Oppervlakten met een ratio van 1:3 hadden de hoogste motiliteit, 
terwijl ratio’s van 1:1 en 3:1 de laagste motiliteit hadden. FA-metingen toonden aan 
dat de FA-lengte afnam met een verhoging van de motiliteit. Uit deze studie kan wor-
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den geconcludeerd dat osteoblast gedrag nauwgezet kan worden gestuurd door na-
nometrische oppervlakte karakteristieken. 
4. Welke invloed hebben nanogroeven op osteoblast adhesie en gerichte migratie? 
Een georganiseerde topografie welke de natuurlijke extracellulaire matrix nabootst 
kan worden gebruikt om celmorfologie, motiliteit en differentiatie te sturen. Het is tot 
op heden echter nog onbekend op welke patronen cellen bij voorkeur hechten en ver-
volgens migreren. Zowel initiële adhesie als gerichte migratie zijn mogelijk belangrijk 
om celmobiliteit te initiëren en te verhogen alsmede het oppervlak te vullen met cellen. 
Mogelijk bevordert dit de wondgenezing rond een implantaat. In hoofdstuk 5 is be-
schreven hoe initiële adhesie en gestuurde MC3T3-E1 osteoblast migratie wordt beïn-
vloed door nanogroeven met pitches in een range van 150 nm tot 1000 nm. In deze 
studie werd een substraat gebruikt met vijf verschillende groefpatronen en een glad 
deel, welke of concentrisch of radiaal waren georiënteerd. Initiële celadhesie metingen 
na 10 seconden uitgevoerd met atomic force microscopie geassisteerde single cell-
force spectroscopie toonden aan dat initiële celadhesie in hoge mate was geïndu-
ceerd door een 600 nm pitch en gereduceerd door een 150 nm pitch. Toevoeging van 
een RGD peptide reduceerde de adhesie significant en hiermee werd aangetoond dat 
integrines en celadhesie eiwitten (bijv. fibronectine of vitronectine) essentiële factoren 
zijn in specifieke celadhesie op nanogroeven. Ook celmigratie werd in hoge mate be-
ïnvloed door de groeven; een 600 nm pitch induceerde de hoogste gestuurde migratie 
parallel aan de groeven, terwijl de gestuurde migratie op een 150 nm pitch werd ge-
remd. Uit deze studie wordt geconcludeerd dat groeven met een 600 nm pitch belang-
rijk kunnen zijn om een snelle wondsluiting te bewerkstelligen en weefselregeneratie 
te promoten. 
5. Kan de ontstekingsreactie worden gestuurd door de toepassing van nanometrische 
groeven? 
De immuun respons op een geïmplanteerd biomateriaal wordt gestuurd door ma-
crofagen. In hoofdstuk 6 werden patronen met nanogroeven geproduceerd met laser 
interference lithografie en reactive ion etching. De nanogroeven bootsten de natuurlij-
ke extracellulaire matrix na. Macrofaag celkweek toonde aan dat interleukine-1β en 
TNF-α cytokine productie waren opgereguleerd op nanogroeven. Subcutane implanta-
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tie in vivo in muizen in een gevalideerd kooi model toonde na 14 dagen aan dat nano-
groeven de gestuurde cel adhesie bevorderden, terwijl slechts enkele multinucleaire 
cellen waren gevormd. In overeenstemming met de in vitro resultaten bleek cytokine 
productie nanogroef afhankelijk, met een opregulatie van interleukine-1β, TNF-α, TGF
-β en osteopontine. De resultaten gaven aan dat het aanbrengen van een oppervlakte 
textuur, met name in de nanometer schaal, kan worden gebruikt om macrofaag activa-
tie te sturen met als doel de wondgenezing te induceren in plaats van een chronische 
ontsteking. 
6. Wat zijn de voor- en nadelen van ultramicroscopische technieken voor het visuali-
seren van de interface tussen biomaterialen en cellen? Is de nieuwe techniek cryo-
DualBeam FIB-SEM geschikt voor de visualisatie van de interface? 
Met de ontwikkeling van nanotechnologie in het biomaterialen onderzoek en tissue 
engineering is het essentieel dat er nieuwe technieken beschikbaar komen die de pro-
cessen kunnen visualiseren die direct aan de interface tussen het weefsel en het bio-
materiaal plaatsvinden. Hoofdstuk 7 beschreef het gebruik van cryo-DualBeam scan-
ning electron microscopy (FIB-SEM) als een nieuwe techniek voor de gedetailleerde 
visualisatie van de interacties tussen bevroren, gehydrateerde cellen en een nanome-
trische oppervlakte structuur. Door een vergelijking van afbeeldingen, verkregen met 
transmissie elektronen microscopie (TEM), conventionele FIB-SEM bij kamertempera-
tuur en cryo-DualBeam FIB-SEM, werden de voor- en nadelen van elke techniek geë-
valueerd. Ultrastructurele details van zowel (extra)cellulaire componenten en organel-
len waren het best te zien met TEM. Echter, bewerkingsartefacten zoals celkrimp aan 
het substraat, waren ontstaan in zowel TEM als conventionele FIB-SEM. Bovendien 
was het cellulaire contrast in conventionele FIB-SEM laag; als gevolg hiervan waren 
cellen moeilijk te onderscheiden van het onderliggende substraat. Met cryo-DualBeam 
FIB-SEM bleven de extracellulaire details zoals vorm, membraan en gemineraliseerde 
matrix te zien. De drie beschreven technieken hebben bewezen complementair te zijn 
voor de evaluatie van processen die plaatsvinden aan de interface tussen weefsels en 
het substraat. 
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2. Slotopmerkingen en toekomstperspectieven 
In dit proefschrift werd de respons van osteoblasten en immuuncellen op een grote 
verscheidenheid aan nanometrische patronen die de natuurlijke extracellulaire matrix 
nabootsen, uitgebreid bestudeerd. De resultaten uit deze studies toonden aan dat 
osteoblasten de kleinste veranderingen in nanometer dimensies en verdeling van de-
ze structuren specifiek herkennen, wat vervolgens resulteert in een veranderde morfo-
logie, beweeglijkheid en differentiatie capaciteit. Vanuit een cellulair oogpunt lijken 
met name groef patronen met een groefbreedte in de range van 200 < 400 nm veel-
belovend voor de inductie van een snelle wondgenezing om meerdere redenen. Initië-
le adhesie, motiliteit en gestuurde migratie worden sterk bevorderd door groeven met 
een breedte van 300 nm. Dit kan mogelijk resulteren in een preferentiële adhesie en 
vulling van een implantaatoppervlak met osteoblasten. Osteoblast differentiatie was 
voornamelijk opgereguleerd op een groefbreedte van 500 nm in vergelijking met 150 
nm. Dit resulteert mogelijk in een verbeterde wond sluiting en botregeneratie aan het 
implantaatoppervlak. 
Terwijl in vitro resultaten veelbelovend lijken, blijft er nog een belangrijk probleem 
over, namelijk dat in vivo studies moeten worden uitgevoerd om deze in vitro resulta-
ten te bevestigen. Momenteel worden er verschillende dierstudies uitgevoerd naar de 
botreactie op implantaten voorzien van een nanometer textuur. De resultaten uit deze 
studies moeten de vraag beantwoorden of nanotexturen inderdaad de implantaat-bot 
response kunnen bevorderen en de implantaat stabiliteit op de lange termijn kunnen 
verbeteren. 
Een ander belangrijk punt is de vorm van de nanotexturen. In dit proefschrift heb-
ben we de invloed van nanogroeven op osteoblast gedrag bestudeerd. In hoofdstuk 3 
is echter aangetoond dat osteoblasten zeer verschillend reageren op alternatieve pa-
tronen en zelfs op groeven met andere ratio’s en dieptes. Andere groepen hebben 
tevens aangetoond dat bijvoorbeeld nanopits de osteoblast differentiatie vanuit stam-
cellen onafhankelijk van andere omgevingsfactoren kunnen induceren. Dus een com-
binatie van verschillende textuur vormen en types, of zelfs de combinatie van micro- 
met nanotexturen, kunnen mogelijk de botregeneratieve capaciteiten van implantaten 
verder bevorderen. 
Tot slot, de productie van nanotexturen op klinisch toepasbare implantaten zorgt 
nog voor vele uitdagingen. Ten eerste is de productie van nanotexturen over een 
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groot oppervlak nog steeds een erg tijdrovend en kostbaar proces. Momenteel wor-
den er nieuwe technieken ontwikkeld om dit probleem te verhelpen, zoals de in dit 
proefschrift beschreven laser interference lithografie (LIL). LIL heeft echter een be-
langrijk nadeel, daar het onmogelijk is om nanotexturen kleiner dan 100 nm te produ-
ceren in titanium. Ten tweede is LIL alleen geschikt om nanogroeven of nanopits te 
produceren terwijl de productie van meer complexe structuren op een groot oppervlak 
tot op heden nog niet mogelijk is. Ten slotte, het grootste probleem is waarschijnlijk 
dat momenteel bestaande technieken óf moeten worden geoptimaliseerd, óf er moe-
ten nieuwe technieken worden ontwikkeld die in staat zijn om complexe oppervlakten 
te voorzien van een nanotextuur. 
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